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ABSTRACT: It is not only conceivable but likely that the spectrum of physics beyond
the Standard Model (SM) is non-degenerate. The lightest non-SM particle may reside
close enough to the electroweak scale that it can be kinematically probed at high-energy
experiments and on account of this, it must be included as an infrared (IR) degree of
freedom (DOF) along with the SM ones. The rest of the non-SM particles are heavy enough
to be directly experimentally inaccessible and can be integrated out. Now, to capture the
effects of the complete theory, one must take into account the higher dimensional operators
constituted of the SM DOFs and the minimal extension. This construction, BSMEFT, is
in the same spirit as SMEFT but now with extra IR DOFs. Constructing a BSMEFT is in
general the first step after establishing experimental evidence for a new particle. We have
investigated three different scenarios where the SM is extended by additional (i) uncolored,
(ii) colored particles, and (iii) abelian gauge symmetries. For each such scenario, we have
included the most-anticipated and phenomenologically motivated models to demonstrate
the concept of BSMEFT. In this paper, we have provided the full EFT Lagrangian for each
such model up to mass dimension 6. We have also identified the C'P, baryon (B), and
lepton (L) number violating effective operators.
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1 Introduction

The Standard Model (SM) of particle physics has been the most successful theory to
describe the dynamics and interactions of sub-atomic particles. Every prediction that could
be made based on the SM Lagrangian has been substantiated by different experiments,
while the converse is not true. Several observations can not be satisfactorily explained
within the Standard Model framework. Thus, the SM appears to be a theory of fundamental
particles — but not the complete one, i.e. its validity does not extend to arbitrarily high
energy scales. There have been several efforts to extend the SM by extending its gauge
groups and (or) by adding new particles. It is believed that at very high energies, near
the Planck scale, there is a unified gauge group from where all the low energy physics,
including the SM, have descended. The region between the unified and electroweak scales
is potentially populated with many particles of different mass scales. However, to this day,
we are not confident about the exact nature of the theories beyond the SM (BSM), as we
do not have sufficient experimental data that can help us to isolate a specific BSM scenario.
A plethora of BSM proposals [1, 2] exist and each of them has its own merits.



For future and ongoing searches of new physics, for example at the LHC, an important
question is whether it is possible to capture the essence of the new unknown physics using
our knowledge about the symmetries and the particle content. Indeed, this is the underlying
idea of an Effective Field theory (EFT) where the complete Lagrangian is written as:

£= Lrenorm + Y > 1505, (L.1)
i=5 j=1

Here, (3°;) denotes the sum over effective operators (NN;) each having mass dimension
i. A is the scale of new physics and thus possesses mass dimension 1. The dimensionless

)

coeflicients CJ(-i are the so-called Wilson coefficients. The second term in the above equation
is the effective Lagrangian (Lgpr) [3-9]. The origin of these effective operators can be
understood through two possible mechanisms. First, if we have prior knowledge about the
new physics Lagrangian then we can suitably integrate out the heavy modes from the UV
theory while retaining the light ones, i.e. infrared (IR) degrees of freedom (DOF). The
impact of heavy DOFs is captured by the effective interactions and their respective WCs.
Second, to capture their effects, we can add the gauge invariant effective operators in a
consistent way. In this case we need to rely only on the on-shell DOFs and the associated
symmetries. It is interesting to note that even when the exact nature of the UV theory is
unknown, this formalism can be very useful in sensing the integrated out new physics. In
this work, we will focus on this aspect of EFTs [3-9].

Recognising that the SM may only be valid up to a certain high energy scale beyond
which the effects of new physics may become noticeable, the last decade has seen tremen-
dous progress towards the study of SM physics as an EFT (or SMEFT) [10-15]. More pre-
cisely, the study of higher dimensional operators (of mass dimension > 5) has attracted a lot
of attention. And these operators have been found to introduce many novel and interesting
predictions. For instance, the only dimension 5 operator shows lepton number violation
and generates a Majorana mass term for the neutrino. Going to even higher dimensions
we even come across predictions of processes as rare as proton decay [16, 17]. SMEFT also
encompasses the two paradigms of EF'T — the first being the top-down approach which
actually comes about through an interplay of a particular minimal extension of the SM
and through a subset of higher dimension SMEFT operators. These assume the existence
of the minimal extension at some high energy scale and after integrating out the heavy
degree of freedom yields SMEFT effective operators [18-23]. A number of computational
tools such as CoDeX [24], Wilson [25], DsixTools [26], WCxf [27], MatchingTools [28] have
been developed to automatise this procedure. The second one, i.e., the bottom-up approach
is concerned with the construction of complete and independent operator sets at various
mass dimensions based on group-theoretic ideas [29-33]. Complete and independent sets
of SMEFT operators have been constructed for mass dimensions 6 [34], 7 [35], 8 [36, 37],
and 9 [38, 39]. Several ingeniously built modern tools such as GrIP [40], BasisGen [41],
Sym2Int [42], ECO [43], and DEFT [44] have made the construction of higher dimensional
operators straightforward and convenient. The operators obtained by integrating out the
heavy fields from several different SM extensions turn out to be overlapping subsets of this



complete set. Thus, SMEFT provides a common ground to encode the predictions of differ-
ent new physics models. At the same time, some of the higher dimensional operators also
provide non-leading order contributions to the predictions of the SM itself, thus enhancing
the precision of theoretical calculations [45-47].

It is worth noting that the SMEFT construction assumes that new physics appears at
a particular scale and all the non-SM particles are degenerate. A completely degenerate
spectrum in the UV regime of a new theory, however, is very unlikely. Instead, for a
non-degenerate spectrum, there will be a non-SM degree of freedom with a small mass. If
such a BSM particle is light enough to be kinematically accessible, and couples strongly
to the SM DOFs, it may be counted as an IR DOF along with the SM ones, while the
rest of the new particles would be heavy enough to be integrated out. SMEFT is not
designed to capture such a scenario. As the on-shell IR DOFs are now extended, one has
to compute the new set of effective operators in addition to the SMEFT ones, thus leading to
a new effective operator basis which can be referred to as BSMEFT. This is the underlying
principle behind the Effective Field Theoretic reformulation of several popular scenarios.
Higher mass dimension operators have been constructed for diverse scenarios such as the
extension of SM by a doubly charged scalar [48], the Two Higgs Doublet Model [49-53],
and the Minimal Left Right Symmetric Model [49]. Neutrino mass models are now being
studied under the framework of ¥YSMEFT and operators of mass dimensions 6 [54, 55] and
7 [56, 57] have been constructed for the same. The same ideas have also been applied to
low energy (below electroweak scale) models within the framework of LEFT [58-60] where
operators up to mass dimension 7 have been constructed [61]. These find great utility in
B-physics [62] and dark matter studies [63].

To conduct a procedural analysis we must start by investigating possible minimal
extensions of the SM, which are mostly phenomenologically motivated. To capture the
interplay of the SM electroweak sector with the new physics models, one must address a
variety of scenarios starting from SM-singlet real scalar fields [64-66] to higher dimensional
color singlet multiplets. One must also consider the extensions of the strong sector using
colored scalars and fermions [67]. These minimal extensions have been introduced in an
attempt to rationalize very specific observations. It is worth mentioning that there exist
multiple UV complete theories that may end up leading to the same set of IR DOFs
after suitably and partially integrating out heavy DOFs. So, looking into these minimal
extensions, it is indeed difficult to identify the unique parent theory. For example, if the
SM spectrum is extended by a doubly charged scalar then its UV root will be difficult to
ascertain. It can appear either as an SU(2)y, singlet but non-zero hyper-charged complex
scalar field or as a part of higher dimensional representations of the electroweak gauge group
SU(2)r ® U(1)y. In such cases, the natural possibility is that there exists a hierarchy of
masses between the doubly charged scalar and the other components of the multiplet. It
is also possible that the whole multiplet is lighter than the other non-SM fields. Then that
should be counted as the IR, DOF while constructing the effective operators.

BSMEFT can be considered to be the first stride in the step by step process of unrav-
eling a full BSM model. Collision experiments are expected to detect few non-SM particles
first, rather than unveiling the complete spectrum of an extension to the SM at once. The



first reaction after observing a new resonance will be to build a BSMEFT theory around
this particle — as evidenced in previous occasions of eventually unconfirmed experimental
excesses (see e.g. [68-70]). Thus, the BSMEFT models we provide can serve as a com-
pendium for complete operator bases after a new resonance is observed.

To promulgate the idea of BSMEFT our study must encompass several varieties of
models, which is precisely the purpose of this work. We have organized the paper as fol-
lows. First, we have meticulously described a general procedure to construct invariant
operators in section 2. We have highlighted the various subtleties associated with it by
giving suitable example operators. In this work, we have carefully selected the BSM scenar-
ios to capture the possible impact of the effective operators on the electroweak and strong
sectors. Thus we have worked with models where SM is extended by additional color sin-
glet complex scalars and fermions that transform as different SU(2), representations and
also phenomenologically motivated Lepto-Quark scenarios. We have further adopted an
abelian extension of the gauge sector of the SM, motivated by a gauge-boson dark matter
scenario. In section 3 we have enlisted the complete and independent sets of operators of
mass dimensions 5 and 6 for all these models. We have arranged the operators on the basis
of their constituents and we have specifically highlighted the operators that violate baryon
and lepton numbers. This will help to analyze and pin down which of the rare processes are
more likely to occur for a given BSM scenario. We have showcased the flavour structures
of each class of operators for each such model.

2 Roadmap of invariant operator construction

In calculating the invariant operators, underlying symmetries play a crucial role. The
quantum fields transform under these symmetries according to their assigned charges. The
goal is to find all invariants under these symmetries, i.e., singlet configurations containing
any number of those quantum fields. The Lagrangian consists of all such configurations.
We classify the symmetries as follows: (i) space-time and (ii) gauge symmetries. In addition
to that we can have certain kinds of imposed and (or) accidental global symmetries. The
requirement of their violation or conservation driven by phenomenological needs determines
the presence or absence of rare operators. In principle, the Lagrangian (£) can contain
an infinite number of such singlet terms. But not all of them are phenomenologically
important. Thus it is preferred to write down L as a polynomial of the invariant operators
and the mass dimension is chosen to be the order of that polynomial. This allows one
to keep the terms up to a mass dimension based on the experimental precision possibly
achieved in the ongoing and (or) future experiments. In the following subsections we will
demonstrate the role of individual symmetries and the issues related to the dynamical
nature of these fields, e.g., equation of motions and integration by parts.

2.1 Tackling space-time symmetry: Lorentz invariance

The quantum fields under consideration have different spins, which are determined by their
transformation properties under the (3+1)-dimensional space-time symmetry, dictated here
by the Lorentz group SO(3,1). In this work, our primary focus is on the scalar, vector and



spinorial representations of the Lorentz group. The scalars, spin-0 fields, transform trivially,
i.e. they are singlets under the Lorentz group. While the vectors, i.e. spin-1 and spinors,
i.e. spin-1/2 are non-singlet representations under SO(3,1). We must recall, here, that our
prescription for computing the invariant operators deals with finite-dimensional unitary
representations. The Lorentz group being non-compact does not have finite-dimensional
unitary representations. Hence, we will realize the representations of SO(3,1) in terms of
unitary finite-dimensional representations of its compact form SU(2); x SU(2)g, and we
will work within the Weyl basis where the gamma matrices take the following forms:

0 ol ~T 0
At = el I - ( ) : (2.1)

Here, o = (I,0%), " = (I, —o), with o’ being the Pauli spin-matrices and I is a 2x2
identity matrix. In this basis, the non-zero spin fields possess definite chirality. In the case
of fermions, we will work with Weyl spinors ¥ and ¥y instead of the Dirac spinors ¥ and
W which are defined as [71]:

v = (;Z) T = 0iy0 = (ga x&)- (2.2)

We can define the two component Weyl spinors ¥y, and Vg as four component ones in the

following manner:!

w=(5) Tmwi = (o0ut). wam () Femwior (). e

Following a similar principle, the field strength tensor X** and its dual X v = %ew,poX po
transforming under SO(3,1), must be written in terms of representations of SU(2) x
SU(2)g, i.e., X1 v and Xpg , as:

1 > yy
XL,p,l/ = 5 (X,u,u - ZX,uu) ) (XL)aﬁ = UZB g Pr €xB XL,/.LI/a
1 . Y8 —ud 5
Xrw = 5 (X + %), (XR)™ = 0% & Xp . (2.4)

To proceed further, we have identified the quantum fields® as the representations of
SU(2)r x SU(2)g and demarcated them by their respective spin values (jr,jr) as:

® = (0,0), U, = (;o> Uy = (O,;),DE (;;) X = (1,0), Xp=(0,1). (2.5)

Here, ® refers to a scalar, and ¥y g, X g are defined in egs. (2.3) and (2.4) respectively.

5 .5 5
1\1/L7R are obtained from ¥ using the projection operators 1:':2“’ Jie, Up =1 =W, and g = HT“/‘I/

2In our analysis, we have put the covariant derivative (D) on an equal footing as the quantum fields.



As mentioned earlier, our primary aim is to construct a set of Lorentz invariant oper-
ators (O) using these fields and that can be mathematically framed as follows:

O=dx U] xUE xD" x X' x X72, (2.6)
1 q1 1 q2 1 1 T s s
= (0,0) = (0,0)? x 5,O X 075 x{35) % (1,0)°* x (0,1). (2.7)

Here p, q1,q2, 7, 51, 53 are the number of times the different fields appear in the operator.
All these are non-negative integers. The equivalent relation in terms of mass dimension
can be written as:

[M]% = [M]P x [MP9/2 x [MPPR/2 5 [M]7 x [M]P x [M]*2, (2.8)
and equating mass dimensions on both sides we find
3
d=p+ Q(Q1+Q2)+T+2(51+82)- (2.9)

Here, d is the mass dimension of the Lorentz invariant operator and that for fermionic
and bosonic fields, and field strength tensors are 3/2, 1, and 2 respectively.® Similarly, the
relation derived from eq. (2.7) can be expressed in terms of the spin (j) as:

0 @ [1/2]" @ [0 @ [1/2]" ® 1] @ [0]2,

0
0=[0Pa[0]"a[1/2]" ¢ [1/2]" & [0]* & [1]%2, (2.10)

or equivalently in terms of SU(2) representations (2j + 1) as:

1=1Pe 21" e 1" 2" 3] ® [1]*
1= [P e[ 2 22 02 1"  [3). (2.11)
. . . 7 7
Here, [1/2]7 in eq. (2.10) and [2]? in eq. (2.11) imply 54 ---+ 5 and 2® q ® 2 respec-
q
tively. Now simultaneously solving egs. (2.9), (2.10), and (2.11) we can find Lorentz invari-

ant 0perators.4

The number of possible operator classes keeps on increasing as the mass
dimension increases. In table 1 we have listed all possible operator classes up to dimension
6 consisting of ®, U, U, X, Xg, and D. But they are not written in covariant forms
which are necessary for further analysis. Below, we have explicitly shown how the Lorentz
indices must be assigned to the constituent fields to write down the invariant operator in

a covariant form:

e Total derivative terms: the Lorentz invariant total derivative operators that appear
up to dimension 6 are of the following forms:

D?* - D, D", ®D? — D,(D"®), D* — (D,D")?,
(D?’X, +D*Xg) — (D, D, X" +D,D,X"),
®D* — D,D,D’(D'®), °D* — D,DH(D'®)(D,®). (2.12)

3The covariant derivative D has mass dimension 1.
4These are also the operator classes at a given mass dimension.



dim— () |p| @ q |7 |s1 s2 Class dim—(d) |p| @ q | 7| s1 s Class
1 1 0 ) 3/0 0/0[0 O 3
2 0 P2 3 0|2 ofolo0 o0 w2
2 olo of2]lo0 o D 0lo 2]0l0 o w2
110 01]2/0 0 ® D?
410 00|00 O o4 0|0 0|4]0 0 D
1{2 0]0/0 0 w2 @ 1{0o 2|0[0 O U2 9
4 0|1 1|1]0 0| U ,UzD 4 210 020 o0 P2 D2
0j0 0|02 0 X3 0|0 ofo0fl0 2 X3
0|0 0|21 0 D2 X, 0l0 0|20 1 D? Xp
212 0/0[0 o0 V2 P2 210 2/0/0 0 % 02
510 ojolo o] @ 1)1 110 o] wugeD |
5 0|2 0f2]0 0 v? D? 5 0j0 2|2(0 0 % D?
1{0o 0]0|2 0 X7 1{0 o0]0|0 2 o X3
0|2 0|01 0 U2 X, 0j0 2|00 1 U2 Xp
110 0]4]0 0 oD 3/0 0(2/0 0 ®3D?
10 0f2/1 0| ®x,D? 10 0f2]|0 1 ® X D?
6|0 0/0|0 O s 410 0(2]0 0 o4 p?
210 0|02 o0 o2 X7 210 0]0]0 2 P2 X3
1{2 0o]o|1 o0 U2 oX, 10 2]0]0 1 U3 0Xp
00 0|03 0 X3 00 00|00 3 X3,
6 3/2 0of0ofl0 o0 w2 ¢ 6 3/0 2[00 o0 w2 P3
04 0|0|0 O 143 0/0 4/0]0 0 T4
0l2 2|0l0 0 T2 U 211 1(1]0 0| UpPrd%D
ojo ol2/2 o] Dxz | olo of2{0 2| D2xz |
210 01]2]1 0 2 X, D? 210 01]2]0 1 % X D?
112 0]2/0 0 v2 & D? 110 2(2|0 0 % o D?
210 01]4]0 0 o2 pt 00 0|21 1| D*X.Xp
0|1 1|1]1 0|U,¥rX;D 0|1 1|1[0 1 |U,UgrXzrD

Table 1. Lorentz Invariant Operator classes (in Weyl representation) upto mass dimension 6. For
the case of dimensions 5 and 6, only the operator classes above the dashed line appear in SMEFT.
The terms in red are total derivative terms and are therefore excluded from the Lagrangian. These

operator classes are not all independent.

But being total derivatives, they do not leave any impact. Thus they are suitably

removed from the Lagrangian density.

e Operators containing only scalar fields: spin-0 field (®) is a Lorentz scalar. Therefore

the operators

o, B2, 93, ot B°, PO,

which consist of ® only are Lorentz invariant.

(2.13)



e Operators containing fermion bi-linears: in the Weyl basis, there exist three different
fermion bi-linears: \II2L, U2, WUk The first two terms can form Lorentz invariant

operators of mass dimension three. The last one appears only as a constituent of
11
272
SU(2)r, x SU(2)g. These fermion bi-linears can be written in multiple covariant

higher dimensional operators, since it transforms as the ( ) representation of

forms:

2 T F T 5
Vir = VYL rRCVYLR VRV R, V[ gCo" VR, Vg Vg,

UpUgr — Uy 0L, gt Vg, (2.14)

Here, oM = ﬁ[v“, ~¥] and C' is the charge conjugation operator. In the above equation
only underlined terms are Lorentz invariant. The remaining structures combine with
other Lorentz non-singlet terms to form higher dimensional operators. Some of those
invariant structures have been listed below:

UyH W, x D, =V UrD, VU y*¥, x @D, 0 = U U d?D,
VAR U, x UpytWp = U202, Vpot Uy x X, = ¥3X;,
UrU, x & = V20, UrU, x Up¥, = U, (2.15)

e Operators containing Field strength tensors: as Xp, Xg transform as (1,0), (0,1)
respectively under SU(2);, x SU(2)g, they form the following Lorentz scalars: X7,

X12%7 X%, X})’% up to dimension 6. They can be expressed in terms of X,,, X, €
SO(3,1) as:

X2 4 X3 o X, XM 4 X, XM

X} + X} = XM XY XL XML XY X (2.16)

The tri-linear terms being overall traces of the combination of three antisymmet-
ric tensors vanish. This method can be adopted to construct higher dimensional
operators, e.g., at dimension 8 we will have:

XiAXEXp+Xh = (X XM) (XX ™)+ (Xw X1) (X X )+ (X XH) (X X ).

The field strength tensor Xy ,p may combine with other Lorentz non-singlet objects
to form an invariant operator class, e.g.,

D*X] p = (DuX™)?, X1 r®°D* = (D, X")(®D,®), D*X Xp= (D,D.X"X}).

2.2 Role of gauge symmetry

So far we have discussed the possible structures of the operators which are constituted
of quantum fields with spin 0, 1/2, 1 only and taking only the space-time symmetry into
account. In a realistic particle physics model, there are additional local and (or) global
internal symmetries. As a result of this, there could be particles of different internal
quantum numbers but possessing the same spin. Such fields will be equivalent to each other
with respect to the Lorentz symmetry. But based on their internal charges, these fields



will combine in a variety of ways leading to different sub-categories of operators within the
same class. Thus, while Lorentz invariance provides us a list of possible operator classes,
it is the internal symmetry which ultimately decides which combinations are permitted
and which ones are not. This can be elucidated through the most popular example: the
Standard Model gauge symmetry. Looking into its particle content and their quantum
numbers in table 29, it is evident that many of the operator classes in table 1 do not
respect the SM gauge symmetry. Thus they are excluded from the operator basis. Here,
we have systematically explained the impact of internal gauge symmetries:

o O" operator class with integer n: the SM Higgs transforms under SU(3)c ®@ SU(2) ®
U(1)y as (1,2,1/2). Thus, the operators containing an odd number of H fields violate
both SU(2) and U(1) symmetries. If n is an even integer then all the operators of the
forms H", (H")", and Hz (H')Z are SU(2) invariant. But only the (H1H) and its
powers are SM singlets. In BSM scenarios that contain multiple scalars, we may end
up with more intricate structures. For example, if we add an SU(2) triplet scalar A
with hypercharge of 41, there will be an invariant operator HT AT H € ®3-class.

e Operators involving field strength tensors: lorentz invariance allows us to construct
terms containing an even number of field strength tensors. But the internal symmetry
prevents their mixing, e.g., in SM there are no cross-terms between B,,,,, W[w and Gﬁy.
But this need not be true for certain BSM scenarios. For example, if there are multi-
ple abelian symmetries, then we can expect some mixing in the gauge kinetic sector.
Looking into the Lorentz symmetry only, the term involving tri-linear field strengths
vanishes due to its anti-symmetric structure. But internal non-abelian gauge sym-
metries allow such terms at the dimension 6 level. Within the SM, B*,B" ,B", is
absent but fABC Gar GBv GE” and el /K Winyy v Wj{ * possess non-vanishing con-
tributions. Here, the anti-symmetric tensors fA8¢ and /'K are SU(3) and SU(2)
structure constants respectively.

e Operators containing of bi-linear fermion fields: Lorentz invariance allows fermion
mass terms of the forms W% (Majorana) and Wy, ¥ (Dirac). But in the SM, left
and right chiral fermions are on a different footing. Hence, these terms are for-
bidden by the internal symmetries. Further, the quantum numbers of the fields
allow the couplings of fermion bi-linears with the Higgs scalar in the form of the
Yukawa interactions — Le H, Qd H and Q uits H*. In addition, the SU(3) symme-
try prevents the appearance of terms like Lu, Ld and Qe.”> Also, the operator class
(Uy, 00 Ur)® XM appears at mass dimension 6. The choice of X*¥ and U’s is fixed
by the internal symmetries. There are fermion bi-linears which are not Lorentz scalar
but may appear in higher mass dimensional operator class (¥, ¥) (0/~y* ¥').°

2.3 Removal of redundancies and forming operator basis

So far we have learnt how to compute the invariant operators of any mass dimension
based on the space-time and internal symmetries. But we must keep in mind the fact

SThese terms appear as constituents of certain dimension 9 operators.
5The fermion fields ¥ and ¥’ need not be same always.



that these operators need to satisfy another criteria to be phenomenologically relevant.
The operators at each mass dimension must form a basis, i.e., they must be mutually
independent. Thus it is necessary to remove all the redundancies, if any, to compute
the operator basis. In this construction, we have noted three different ways in which
the operators can be interrelated: (i) integration by parts (IBP), (ii) equation of motion
(EOM), and (iii) identities of symmetry generators. Here, we have discussed these sources
of redundancies briefly with examples based on SMEFT and beyond.

Integration by parts (IBP): in our prescription, the covariant derivative (D,) par-
ticipates in the operator construction in a similar way as the quantum fields. Due to the
distributive property of D,, and incorporating integration by parts (IBPs), two or more
invariant operators may be related to each other by a total derivative. As we know such a
term in the Lagrangian has no role to play, thus it can be removed. Therefore the multiple
operators can not be treated independently and only one of them should be included in the
operator basis. This duplication due to IBP occurs among different operators belonging to
the same operator class. For example, at mass dimension 6, the operator ¥ ¥ ®2D can
be recast in the following form:

iD, (U gy Uy g ®1®) = Ty g 4D, Uy 5 @10 — Ty g yHiD, Uy 1 &1 D
UL R UL R MDD — Ty gyt Uy g 01D, D
— <= — <=
= (UppY"iD VL R) PO+ Uy gy W (®1iD, ).
(2.17)

Here, i D u = 1D, — ZD has been introduced to combine the ﬁrst two and the last two
operators to form (¥, R*y“z D LV R)®T® and Uy gy Uy g (<I>Tz D, ®) which are self-
hermitian. It is evident from eq. (2.17), that these operators are related to each other by
a total derivative term D, (U ry* Wy r ®1®). So, in the operator basis we will include
only one of them. Here, our choice of the independent operator will be the one where the
derivative acts on the scalar field. This is because the latter structure where the derivative
acts on the fermions is related to other operators through equations of motion. We will
justify this choice in the following section.

Equation of motion (EOM): the quantum fields representing the particles are dynam-
ical in nature and each of them satisfies their respective equation of motion. It has been
noted that two or more operators may be related to each other through the EOMs of the
involved fields along with the IBPs [30, 34]. Unlike the previous case, the EOMs can relate
operators belonging to different classes. We have explained how EOM leads to redundancy
using a few examples:

o U;Ur®2D: in the Weyl basis we can have two possible covariant structures for this
operator: (¥ g ’y“i%l Uy p)®T® and Uy gy* U g (@Ti%u ®). We have already
noted that these two operators differ from each other by a total derivative. There
we have further mentioned that we have selected the operator where the derivative
is acting on the scalars. The reason behind that choice is that after incorporating
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the EOMs of W or its conjugate U, this operator reduces to an operator belonging to
\I/%ﬁ(l)?’ class:

_ — _
(ULrY"i D VULR) DT o UppUp,® (@) =07 5% (2.18)

\If%’R ® D?: the unique covariant form of this operator is (U Wg)D? ®. After im-

plementing the EOM of the scalar field: D?>® = ¢; ® + co ® (<I>T<I>) + c3 Up Uy, this
operator can be reduced in the following form:

(TLUR)D?® = ¢ (T Up®) +eo (U TR®) (BTD) + c5 (T, Ug) (Ta¥L), (2.19)
—_———

dim-4 term

with c¢1,co and c3 being complex numbers. Thus, the operator class \I'% R ® D? can
be expressed as a linear combination of two other dimension 6 classes \I’2L7 RQ>3 and
\If%\lf%{, and therefore is excluded from the set of independent operators.

D? X%ﬁ, D2 X[, Xg: the possible covariant form of the operators are (i) (D,X"")?,
(ii) (D, X*)(D,X*"), and (iii) (D, X*"*)2. It is interesting to note that after imple-
menting the EOM of field strength tensors:

5 _ N
D, XM =0, D, X" =V py Y p+eliD"®, (2.20)

the last two structures (ii) and (iii) identically vanish. The very first operator can be
rewritten either as:

— = 5
(DX = a1(Tp v Vip) (D XP) + ax(@1i'D,@)(D, X),  (2.21)
or as:

(DL XH)2 = by (Tp 57" Wig)? + bo (07 DV®)? + b3(01i D, @) (Tp g 1* Upp).
(2.22)
Here, a;,b; are complex numbers. Thus we can generate operators belonging to
O4D2, Ut O2U2D starting from D?X? class of operators and thus it is redundant
and can not be a part of the operator basis.
Alternatively, using the notion of integration by parts (IBP) we have the following
relation:

(D, X")2, (D, X")(D, X") ££ [D,, D) X" X¥), [D,, D, X" XV
= X, XMXY, X, X'XY. (2.23)
Here, [DH, D, ] is suitably replaced by X wv and we have obtained X 3 class of operators.
So, we conclude that with the help of EOMs and IBPs, the operators belonging to

D? X% r and D? X1, Xp classes can always be recast into operators of other classes.
Thus these two are excluded from the operator basis.
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Ayed
e ®2 X, pD?: the covariant form of this operator (®7i' D, ®) D, X** can be rewritten
using eq. (2.20) as:

(@D, ®) Dy X" = (Tppv Yrr) (@ i D" @)+ (@D, ¢)(@iD" @),
(2.24)
where o',V are complex numbers. Similar to the previous case, ®2X D? can be
rewritten in terms of operator classes W W ®>D and ®*D?. This justifies the absence
of 2 X LR D? class from the independent operator set.

o UV, Ur X1 rD: we find two different covariant forms X*¥ (YR YDy ¥ r) and

(D, X*)(Vf, gy ¥ r). These operators can be further reduced with the help of
suitable EOMs as:

X" (WL r WDy YLR) = X" (VL rYwPYrr) = X" (YL RV P YL R)

= X" (U prow VYpo)® = V2o X, (2.25)

_ _ st PN
(D X" )WL VYir) = ¢4 (W77 0) (Vr v Vi p)+cy (BT DY @) (U r Vi R)
= U} p/ Vi Us+U, Upd®D. (2.26)

Thus it is quite evident why this class is also counted as redundant.

In summary, the symmetries of the theory play a crucial role in constructing the
invariant operator set. But it is not guaranteed that all of them are independent and thus
the set of operators is always over-complete. To be a part of the Lagrangian the operators of
any mass dimension must form a basis, i.e., the operators should be independent. To ensure
that we have shown through some toy examples how the EOMs and IBPs relate different
operators and thus can be used as constraints in this computation. In the latter part of
this paper, we have computed the dimension 6 operator basis for a plethora of models. As
the “Warsaw” is the only known complete operator basis, we have tabulated our results in
this basis only. There is another popular choice — the SILH (Strongly Interacting Light
Higgs) basis which trades away the fermion rich operator classes ¥4, ¥20X, 202D from
the Warsaw one and includes D?X?, ®2XD? see figure 1.

Symmetry generators and their identities: the quantum fields that are the building
blocks of the operators transform under the assigned space-time and internal symmetries.
The symmetry generators (specifically for the non-abelian case) respect the pre-fixed al-
gebras and satisfy a few identities. For example, the Lorentz symmetry generators o*, "
together form the o#, 5" matrices, defined in eq. (2.27):

(") = (0"),5@)7, @)l = )% (0,)p4. (2.27)

They also satisfy the following identities [71]:

(Uu)ad(au)gﬂ' = 2€ap€sg (2.28)
(0")ac (7,07 = 25507, (2.29)
()% (3,)% = 2627 (2.30)
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~ All possible dimension 6 |
| operators

VU2 pD?

(1)

> U2 XD ©)
[ (6)

(1) (UL UR)D?*® = ¢y (T U ®) (DT @) 4 ¢; (¥ UR) (U ¥L)

(2) (D, X)2 = ¢y (U7, U) (T " ©) + ¢35 (@D, 8)(@1i'D? @) + ¢4 (T, ) (@i D" )
(8) (D X7)? = ¢5 (U5, ¥)(D, X**) + ¢ (' D, @)(D, X™)

(4) (01D, 8) D, X = 7 (T, U)(@1i'D” @) + cs (07D, @)(@!i'D” @)
(5) (D/—b XMU)(\TJL,R T \I/L,R) = C9 \I/%,,R / ‘I/% \I/?z + 1oV Vg 2D

(6) X" (U, gDy Vi g) =c11 X" (Wi, RO VR,) P

Figure 1. All possible Lorentz invariant dimension 6 operator classes shown as part of the Warsaw
and SILH bases for SMEFT. The arrows depict relations among the classes based on the equations
of motion (EOMs) of various fields.

[o'E” + ovTH]) = 2g" 6P . (2.31)

The internal symmetry generators respect their algebra as well as some related identities.
For example, the SU(2) and SU(3) generators, Pauli matrices 7/ (I = 1,2,3) and the Gell-
Mann matrices T4(A = 1,2, --- ,8) respectively satisfy the following identities:

T = 2620k — 8ij0k (2.32)
1 1
TjTi = 00k — G0ij0ki - (2.33)
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While constructing the covariant form of the operators we may encounter two different
structures with the same field content. But they need not be two independent operators
and may be related to each other through these identities eqgs. (2.28)—(2.33). Here, we
have demonstrated how the utilisation of these identities could help us to relate different
covariant-structured dimension 6 operators with a few examples.”

e U4: we have considered two dimension 6 operators (dv*T4d)(Qv,T4Q) and
(dy*d)(Q7, Q) from this class. Using the identities in eqs. (2.28)—(2.32), these
operators can be expressed as:

(@ TAD(QT7,Q) = (@0t TAd) QT 5" Q) = 20°TAQsQ T4 d% 55,
= 2(dT* Q) (QT"d) = 2(d, [T} Q")(Q, [T d°)

= [@0)(@Q) - 5 [1Q)@Q4). (230
(@ d)@uQ) = (@ 0lisd*) (@779Qp) = 20" Qs Q010
~ 2(Q)(Qd). (235)

It is quite evident from egs. (2.34) and (2.35), that with the fields d, d, @, and Q
we can only have two independent operators that should be included in SMEFT
dimension 6 operator basis. Similarly, with fields e, L, u, and Q we have following
relation

Thus, only (Loye)(Qa* u) and (L e)(Qu) are included in the operator set.

e ®%: here, we are looking into the quartic subpart of the dimension 6 operator
(HT H)3. Tt is interesting to note using eq. (2.32) that inclusion of SU(2) genera-
tors does not lead to an independent operator in the SMEFT basis [34]:

(H'r H)(HY H) = (H vl H)) (H] 7}, Hy) = H H; HI Hy (263855 — 8i0%)

=2(H'H)>? = (H'H)> = (H'H)?. (2.37)

e $4D?: to illustrate the redundancy in this class of operators, we have considered an
operator involving a scalar Lepto-Quark (i) transforming as (3,2,1/6) under the
SM gauge group.

< <
(HYBLH) (i D x1) = (H (r'iDu—iD e Y H) (x| (11D —i D" r ) x1)

= (H] (1D H) = (iDu H) iy Hi) (x o 7as (1D X1 )o— (1D x1 ) S 7eax1a)
= = =2 . =
= —(H"D  H)(x1"i D*x1)+2 (H}i D .H*)(x},i D*x}). (2.38)

"Here, we work with four component Weyl-spinors.
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As three operators are related th1r0U1g<E> the abovi;"elation, only tv&> of these <(:_>an be
independent and we may include (HTi D ﬁH)(X];z Dy ) and (HTi D MH)(XJ{Z' D#x1)
in the operator basis for this scenario.

e U2®2D: in this class we can have following three operators involving the Lepto-
Quark y1:
@' Q)d ™ (iDux1)+(iDpx1) 7' x4
= 2(Q7" (IDux1))(@x1)— (@7 Q) (X1 (iDyx1))
+2(Q7"x1)(Q(Pux1) ) =(@7" Q) ((1Dx1) x1), (2.39)
@7 Q) (D) = @7 QAT (iDxa)+iPuxa) Txa]

= S @)@ 5@ A (D)

@'4"Q) (x1i Dlxa)

3 (@) QD)) - £ @ QD) xa), (240)
QT4+ v Q) (T4 DL x1) = @47y Q)T+ (iD,x1)+(iD,x1) TA7 i
= 1@ (D)@ XD~ 5@ Q7 (1))
+3 1@y )@ (D)~ L@ Q) (1Dux1) 7 xa)]
= (@D (Dx1)Q) 5 (@ (D)) (@D
2@ (D) (@)~ (@1 Qx| (Dux1))]
(@ (1Dux)) (1)~ 5 (@ x1) (@(iDuxa) )]
@Y ) @) ) - @ QD) )l (241)

Thus, it is evident<_t>hat the three operators in the L.h.s. of the above equation along
with (Qv*Q) (XJ{Z D ,,x1), comprise a set of four independent operators and qualify
to be in the operator basis.

2.4 Additional impacts of the global (accidental) symmetries

The effect of global symmetries is very similar to the gauge ones in the construction of
invariant operators. But, unlike the gauge symmetry, the global symmetry need not be
strictly imposed and it may be allowed to be broken softly in specific interactions as de-
manded by the phenomenology. This leads to the appearance of global charge violating
effective operators that induce rare processes.

Baryon (B) and lepton (L) numbers appear as accidental global symmetries in the tree-
level SM Lagrangian, see eq. (A.1). But they may be violated through higher dimensional
operators. If we assign the leptons an L charge of —1 unit and the quarks a B charge of 1/3
units respectively, then we can generate a Majorana neutrino mass for the SM neutrinos
through dimension 5 H?L? operator. As this operator is suppressed by a high scale, the
smallness of neutrino masses can be explained. Similarly within the SMEFT framework,
we find operators violating B and L by (0,—2), (1,—1), (1,1) units at mass dimensions 5,
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6 and 7. Recently it has been noted [72] that a similar violation by (1, —3) units appears at
dimension 9 and this can induce a new decay mode of the proton to three charged leptons.

In the case of BSM scenarios, there could be additional global symmetries and the
amount of their breaking would be completely phenomenologically driven. This controls
the appearance of certain kinds of operators at different mass dimensions.

3 BSMEFT operator bases

The spectrum of the UV complete theory that is expected to explain all shortcomings of the
SM is non-degenerate. This implies the existence of a multitude of scales associated with
BSM fields of different masses. Thus even if all the non-SM particles are integrated out, all
the higher dimensional operators will not be suppressed by a single cut-off scale (A). The
natural scenario would be the presence of a tower of effective operators involving different
A’s lying between the electroweak and the unknown UV scales. Unless the BSM spectrum
is really compressed, the lightest non-SM particle is expected to be within the reach of the
ongoing experiments (< O(TeV)) where the rest of the new particles are heavy enough to
be successfully integrated out. In this framework, that lightest non-SM particle should be
treated as an IR-DOF along with the SM ones and we must compute the effective operators
involving them to capture the effects of the full UV theory. This has been the motivation
of our BSMEFT construction.® The most generic choices for non-SM IR-DOFs are real and
complex scalar and fermion multiplets, vector like fermions, and Lepto-Quark bosons under
the SM gauge symmetry. There may be additional gauge bosons as well. The choice of these
fields is motivated from the fact that most of the phenomenologically interesting scenarios
contain these DOFs in their (non)minimal versions. We have schematically demonstrated
the idea using some example scenarios in figure 2 where it is quite evident that there could
be multiple parent UV theories which may lead to the same set of lighter particles. Thus
one BSMEFT operator basis qualifies to encapsulate the features of all such UV theories
treating them degenerate. To discriminate between them, we need to identify the subset
of that BSMEFT operator basis corresponding to each of the UV theories. This is beyond
the goal of this paper and will be discussed in our upcoming article.

Based on the previous discussion, we have considered three different extensions of
the SM and for each such scenario we have included multiple examples to encompass
the most popular choices. For each example model, we have constructed the complete
and independent BSMEFT operator bases up to mass dimension 6. We have verified the
number of independent operators using the Mathematica based package GrIP [40]. Here,
we have tabulated only the additional effective operators beyond SMEFT. For the sake
of completeness the SMEFT dimension 6 operators are noted in the appendix. We have
expressed the fermions as four component Weyl-spinors. Here, we have suppressed the
chirality indices (L, R) in the covariant forms of the operators for most of the scenarios,
except the vector-like fermions, to keep their form compact.

8The physics around the electroweak scale can still be described by the SMEFT if the new resonance is
observed far away from the electroweak scale and can be successfully integrated out.
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f Pati-Salam Model ‘

SU(4) ® SU(2) ® SU(2) !

R 14

_______________ v

Left-Right Symmetric Model :
SUBB)®SU@2)®SU(2)®U(1) :

PEEEERS

Figure 2. An elucidation of the inter-connectedness of several BSM scenarios: paving the path to
BSMEFT.

3.1 Standard Model extended by uncolored particles

To start with, we have considered the scenarios where the SM is extended by suitable
addition of extra uncolored particle(s), e.g., SU(2) complex singlets and higher multiplets
with fermionic and bosonic degrees of freedom. These particles can be part of an SU(2),
multiplet as well. The electromagnetic charges of the singlet fields are solely determined by
their assigned hypercharges.” We have summarized the quantum numbers of the non-SM
fields in table 2.

SM + singly charged scalar (§1): we have considered the extension of SM by an
SU(2), singlet complex scalar field (§1) of hypercharge 1, see table 2. After the spontaneous
electroweak symmetry breaking this field emerges as a singly charged physical scalar field.
It is interesting to note that when the SM is embedded in an extended gauge symmetry,
e.g., Left Right Symmetric Model (LRSM), then the appearance of singly charged scalar(s)
is unavoidable once the additional symmetry is broken to the SM. There are attempts to
generate neutrino masses either radiatively or through higher dimensional operators where
the SM is extended by mutiple SU(2) singlet complex scalars, e.g., see refs. [73-76]. This
motivates us to construct an effective theory with this simplest non-trivial extension of
the SM. We have categorized the effective operators involving §* of dimensions 5 and 6 in
tables 3 and 4. The operators with distinct hermitian conjugates have been coloured blue.

90ur working formula is Q = T3+Y where Q, T3,Y are electromagnetic charge, 3rd component of isospin
and hypercharge respectively.

10 Although these particles are added to the unbroken SM gauge symmetry, but looking into this feature
we will identify this and other fields by their electromagnetic charges.
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Model No. | Nor-SM IR DOEs o1 o) | gi59), | U(1)y | Spin
(Color Singlets)

1 5t 1 1 1 0

2 ptt 1 1 2 0

3 A 1 3 1 0

4 5 1 3 0 1/2
Vir 1 2 ~1/2 | 1/2

g Err 1 1 ~1 1/2
Ni g 1 1 0 1/2

Table 2. Additional IR DOFs (Color Singlets) as representations of the SM gauge groups along
with their spin quantum numbers.

U2p2
Oqans | (N7) €ij (Qpoi dg) (Hj6) | Ouqus | (N7) (Upa Q57 (H; )

@LeHE (N]%) €ij (Zm eq) (E[] 5) 035 %(N? + Nf) (63; C’eq) 52

Table 3. SM extended by Singly Charged Scalar (§): additional operators of dimension 5. §, &*
represent 67 and &~ respectively. Here 4,7 and a are the SU(2) and SU(3) indices respectively.
p,q=1,2,---, Ny are the flavour indices. The operator in red violates lepton number.

Features of the additional operators:

e Here, we have noted two types of dimension 5 operators — i) B, L conserving @Qde,
@UQ s, OLers, and ii) L violating O,s which are highlighted in red colour in table 3.

e The additional dimension 6 operators of class ®% and ®*D? mimic their SM counter-
parts.

e Since, 0 is an SU(2), singlet there is no mixing between By, and Wl{y in the ®2X?
class nor do we obtain higher tensor products in the W2®2D class.

e The operators, highlighted in red colour in table 4, violate lepton number by two
units in the U2®2D, U2d3 and V2P X classes.

SM + doubly charged scalar (pT'): similar to the earlier case, when the SM is
emerged from LRSM gauge theory, the right handed complex triplet may lead to an addi-
tional scalar of hypercharge 2 which is further identified as a doubly charged scalar (p*),
see table 2. Also scenarios like in refs. [73-79] contain a single doubly charged scalar. Here,
our primary concern is to construct the effective operators involving the additional doubly
charged scalar and thus mimic the concept of refs. [48, 80]. We have provided the effective
operators involving p™ up to dimension 6 in table 5. Operators with distinct hermitian
conjugates have been coloured blue.
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o5 P2
s (57 63 Osts (616)0(51 )
Oz (H H) (61 6)° Olthp (67) [(D# B)(D, )]
Oyige (HTH)? (67 6) 0o (H' H) [(D"8)1(D, )]
P2 X2 V292D
Ons By, B™ (57 6) Ogin (N2)(Qpai 1" Q2) (61D ,.9)
Ogzs By, B (51 6) Orsp (N3)(Lyiy" L) (81 i%u 5)
Ocs Gii, G (810) Ousp (N?)(Tpa 1 ug) (61D, 6)
Ocs Gl G (519) Ousp (N?)(dpar*dg) (616D, 8)
Ows W1, Wi (51 5) Ousp (N2)(Epy# eq) (81D, 6)
Oiivs Wi, Wik (57 6) OLensp (N?) ()T 7* eq) (H] iDy0)
23
OLens (N?) (Lpieq) H (67 6) Orus (N?) e (LL)T C LE) 6 (H] HY)
Oqus (N?) €ij (Qpai ug) Hy (676) OLs 3(NF = Ny)eij (Lp)" C 1Y) 6 (610)
Oqans (N7) (Qpai dg) H' (676)
U2 X
Obs | S(NZ + Np)eij B (LT Co™ L3)§ | Owrs | S(N? = Np) ey W, (Ly)T Com 77 L7) 6

Table 4. SM extended by Singly Charged Scalar (J): additional operators of dimension 6. Boxed
operators vanish for single flavour. 6, 6% represent 61 and 6~ respectively. Here i,j and o are
the SU(2) and SU(3) indices respectively. 77 is SU(2) generator. A =1,2,---,8 and I = 1,2,3.
p,q=1,2,--- Ny are the flavour indices. Operators in red violate lepton number.

Features of the additional operators:

e One of the differences between the operator sets containing 6 and p* is the absence
of dimension 5 operators in the latter case.

e Similar to the earlier case, at dimension 6 there is no mixing between B, and W/f,,
within the ®2X? class and there are no higher tensor products in the U2®2D class,
on account of p** being an SU(2),, singlet.

e We have found new operators that violate lepton number by two units in the ¥2d?D,
U2®3 and W2PX classes. These operators have been highlighted in red colour in
table 5.

SM + complex triplet scalar (A): here, we have explored other possible scenarios
where electroweak multiplets are assumed to be the lighter DOFs. First, we have con-
sidered a complex SU(2)y, triplet scalar (A) having hypercharge of +1, table 2. After the
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PO A2
O, (o' p)? 00 (" p) D (p' p)
Opzp (HTH) (p' p)? O4p (o' p) [(D* H){ (D, H)]
Oty (H' H)* (o' p) 0o (HT H) [(D¥ p) (D, p)]
P2 X2 U2$2D
OBy By, B* (p' p) Ogpp (N?) (@poi 7" Q%) (61D p)
Op, By B (p p) OrLpp (N2) (Lpir L) (1 i'D )
O Gl G (ol p) Oup | (N) (@paru) (1D )
Ocp G, G4 (p" p) Odpp (N?) (dpa ™ dg) (p! i'D,.p)
Ow, Wi, Wk (ot p) Oepp (N?) 8y eq) (o1 i'D i p)
Ow, WL, W (pf p) OLerpp (N3) (LT +* eq) (H] iDyup)
V23
OLetp (N?) (Lpi eq) H' (p' p) Ormp | 3(N7+ Ny) (Li)" C L) p (H; H;)
Oquip | (N?) €ij (Qpasug) H (pTp) | Ocp 3(NF+ Ny) (ep Ceg)p(ptp)
Oqarp | (NF) (Qpaq dg) H' (0 p) Octp 5(N7 + Ny) (e Ceq) p (H' H)
U2pX
OBep %(N? — Ny) By (Pf Coteq)p

Table 5. SM extended by Doubly Charged Scalar (p): additional operators of dimension 6. Boxed
operators vanish for single flavour. p, p' represent p™* and p~~ respectively. Here 7,j and a are
the SU(2) and SU(3) indices respectively. A=1,2,--- ,8and I =1,2,3. p,¢q =1,2,---, Ny are the
flavour indices. Operators in red violate lepton number.

spontaneous breaking of electroweak symmetry its components can be assigned definite elec-
tromagnetic charges!! (AT+, A+ AP). The complex triplet is instrumental in mediating
lepton number and flavour violating processes [81-83], interesting collider signatures [80],
and also facilitates the generation of neutrino mass [73, 84-87]. These observables may
get affected by the interactions between the heavier particles and this complex triplet,
which can be captured through the effective operators involving A. A complex SU(2).
triplet can descend from an LRSM once it is spontaneously broken to the SM, see figure 2.
There are many phenomenological models [88-93] where the SM is extended by a complex
triplet accompanied by multiple scalars and fermions. In that case if the other particles

1 An SU(2) triplet has T3 values (41, 0, —1). So, using Q = T3 + Y, we obtain the electromagnetic
charges (+2, +1, 0) since Y = 1.
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P2 P2 oo

OLeia N? (Lpieq A H;) 0N . | (HTAYH) Tr[(ATA))]

OQana N7 (Qpa; dg A Hy) 08 s (HTATATA H)

Oquaa N2 (Qpoi ug AT H;) Omin | (HTAYH) (HT H)
Ocr | 5(NF+ Ny) (e Ceg) Te[AA]

Table 6. SM extended by Complex Triplet Scalar (A): additional operators of dimension 5. Here
i and « are SU(2) and SU(3) indices respectively. p,q = 1,2,--- , Ny are the flavour indices. The
operator in red violates lepton number.

are sufficiently heavier than the A, then they can be integrated out leading to an effective
Lagrangian with IR DOFs as SM ones and the complex triplet.

Here, We have listed the complete set of effective operators involving A, see tables 6
and 7 for dimension 5 and 6 respectively. The operators with distinct hermitian conjugates
have been coloured blue. While writing the operators, A has been expressed as a 2 x 2
matrix A - 71 with I = 1,2,3 and 7/ being the Pauli matrices.

Features of the additional operators:

e Contrary to 7 and p*t*, A transforms as an SU(2), triplet. This offers multiple

(1),(2),(3)

L2 Ad class

ways to contract its indices to form invariant operators, e.g., within O
we have noted the following partitions:

OS%N = H' (ATA)(ATA)H - (203®383®3®2),
02, = mATA) ATA))HH) - (3839393)0(282),
0¥ = T(ATA))(HTATAH) - (3e3)9(2e30302).

Here, we pick a singlet representation from the tensor product within a parenthesis.

e At dimension 5 in addition to the ¥2®? class, there are new operators of the ®° class
unlike the previous cases.

e Since A transforms as an SU(2), triplet the U2®2D class has operators constituted

of higher tensor products Oggp and Og)AD unlike the previous models.

e Lepton number violation too is observed within the 2®2D, ¥2®3 and W2dX classes.

These operators are highlighted in red colour.

SM + left-handed triplet fermion (X): the extra IR DOF can be fermionic in nature
instead of scalar. To demonstrate the feature of such cases, we have considered a specific
example, where the SM is extended by an SU(2)y, real triplet fermion ¥ = (X1, g, X3).
This additional DOF plays a central role in the generation of neutrino masses and mix-
ing [87, 94-100], lepton flavour violating decays [101-107], explaining dark matter [108—
111], and CP & matter-antimatter asymmetry [112-115]. In most of these scenarios, this
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o6 P42

oy Tr[(Af AP Oan Tr[(ATA) DA A)]

oy Tr[(ATA) (AT A)] Tr[(AT A)] OLp Te[(AfiD, A)(AtiD# A)
Olias HY(ATA) (AT A)H oh Tr[(AF A)] TY[(DH A (D,A)]
Offias Tr((AfA) (AT A)) (BT H) OiAp [H (D)) (D" A HI
Ofias Tr[(AT A)] (HT AT A H) OffAp (D" H)f A (AT (D, H)]
Olins (H' AT H) (H A H) OfAp Tr[(AF A)) (DFH)T (D, H)
Oins (H' AT A H) (H H) OiAp (H H) Tr[(D*A) (D,A)]
Ofins Tr((ATA)] (H H)?
Ouan (HT AT H)?

P2x2 U2p2D

Opa By, B Tr[(AT A)] Op | (V) (@pai v Q2) (A1, A)]

Opa By B Tr[(AT A)] OBp | (N2) (@pos 7 Q1) Te(ATDL A)]

Oca GA, GAm Tr[(ATA)) 0By | (N3 (TpnnLi) T{(ATiD, A))

N G, GAR Tr[(AT A)] 0% | (N} Ty r! L) Tr[(ATiDL A)]
Ofa W, Wi Tr[(AT A)] Ouwsp | (N?) (@parud) TH(ATiD, A)]
o, Te[AT W, A WH] Ounp (N2) (dp v d2) Te{(AV D, )]
o, W, Wi Te[(A A)] O.ap (N2) (87" eg) TH[(AHiD, A))
o Te[AT W, AW Oeriap | (N}) TY[L] Ciima (¥¥D, A) H ey
Opwa Tr[AT W, A] BH
Opiva Tr[AT W, A] BH

P23

O ia (N3) (Lpi eg) H' Tr[(AT A)] 0ia (N2) (Lyie) AT A HY
Obana (N3) (Qpos 42) H' Tr[(AT A)] O A (N?) (Qpos d) AT A H
Ogona | (NP ey (Quosug) ; TH(ATA)] | OF 1 (N?) (@pai ) AT A H;

O | LNF+ Ny) (LE Cim ALy) Ti[(ATA)] | OR) L(N? + Nyg) (LE Cimy AATA L)
ONa | LNF+Np)(LECim ALy (HIH) | OP)a (N3) (LL Cimy AH H] Lj)

Oenr 5(N7+ Ny) (ef Ceg) (HT A H)

T2pX

Owra (N7) Tx[(L} City Aoy Lg) WH] Opra | 3(N7—Np) (L) Ciry Aoy, Ly) B*

Table 7. SM extended by Complex Triplet Scalar (A): additional operators of dimension 6. Here
i, and « are the SU(2) and SU(3) indices respectively. 7! are the SU(2) generators. A =1,2,---,8
and I =1,2,3. p,g=1,2,---, Ny are the flavour indices. Also, A =A!.7! and W, = Wiy -l
Operators in red violate lepton number.
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U2 p2 \2D'¢

Osi | (N)(SHTCSh(HTH) | Ops | L(N? = Nj) Bu (S)T Cotv 51

Ocsr | (N7)e€ij (E}ﬁeq) (H'7'HT) | Ows | 3(N?+ Np)ergx Wi, ()T C o BE)

jn

Table 8. SM extended by Left-Handed Triplet Fermion (X): additional operators of dimension 5.
Here 4,7 are the SU(2) indices. 77 is the SU(2) generator. I = 1,2,3 and p,q = 1,2, - , Ny are
the flavour indices. The operator in red violates lepton number.

\112(1>X \112@2D
T i\T v j 1 S g
Oprsi (N?) €ij By (L3)T C o ) 71 H o), (N3) (Syy#sh) (HYi D, H)
p 7 i 7 j 5! s
Oisn | (N ey W, (Ly)T Com si) I og) (N?) ersic (Sypa" =) (HT 50D, H)
O | (N ersx e Wi, (EL)T Com s 7 B
\114
o N (@ o) (S yn ! o N4) (o d2) (SE A 51
us ( f)(upa’yuuq)( » 7 Ey) ds ( f)(pa'Yu q)( » 7 Es)
_ <! . § P —7 —J
Oex (N}l) (@p Y €q) (X7 7" %0 Oss (%N}l + %N; + %N,%) (Ep T 25) = =)
e) aiy (3 ou a) iy (3
O(Ql%) (N]%) (Qpai T Qq ) (A Zg) O(QQX)] (N}L) €IJK (Qpai T ! Q{] ) (A Ef)
_ i =T -~ i =d
0% (N#) (Tpi v L) (Zr4* 1) 0 (N}) eric Ly v 7! LE) (T 47 £K)
OcLx (N e (L))" C ' L) (&, =) Os» 1(NF+3N7) (Z)T Cz) (B)HT C )

1 74 T ajy (7 2 74 AV ajy (7 Ny
Oézfzdz (N})eij (Ly)" C 1 QYY) (dra ) Oé)%dz (N})eij (L) C o 71 Q) (dya o )
O, V4 0O Ii Lj '1‘021 O l]\;S Ns—1 ~ . i’ ] B ’1‘(* I v

QLu% (‘ f) (Qpaz U’q) [T ]] (( r) g s) QdX 2 f( f ) €afy €ij ( P ¢ (1) ((Q7 ) T QS )

23

1 . i . 2 . i : K

O(LZ)HH (Nf)fif((Lﬁ)Tng)T[ HY (HT H) O(L%HH (NJZ')GI.IK fij((Lp)TCZbTJ H? (HTTI H)

Table 9. SM extended by Left-Handed Triplet Fermion (X): additional operators of dimension 6.
Here 4, and «, 3,7 are the SU(2) and SU(3) indices respectively. 7! are the SU(2) generators.
I,J,K=1,2,3. p,q,r,s =1,2,--- | Ny are the flavour indices. Operators in red violate lepton and
baryon numbers.

triplet fermion is accompanied by other particles which can be integrated out to construct
an effective Lagrangian described by SM DOFs and ¥. This motivates us to compute a
complete set of effective operators which will capture all such extended BSM scenarios.
Here, we have classified the effective operators of dimensions 5 and 6 containing ¥ in ta-
bles 8 and 9 respectively. The operators with distinct hermitian conjugates have been
coloured blue.

Features of the additional operators:

e Since ¥ has zero hypercharge, in addition to the W2®2 operators, we also obtain
operators of the class ¥2X at dimension 5.
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U2p2

OHELEn (N?) (H] H') (Egp ELq) OHN, Ny (N2) (H] H') (N1, Nrqg)
Oty (N?) (H] H) (L, Vi) Ova (N?) (Hf HY) (V15 Vi)
Otkve (N3) (Hf 7 HY) (L 7" V) Oflva (N3) (Hf ' HY) (Vi1 7 V)
O, (N?) (H] H) (&) ELq) Oy, YNy (N +1) (H] HY) (NF, C Npgy)

Onv, | $Ny(Np+D)eij mn HH™ (V] )TCVE | Opvy | $Np(Ny + 1)eij émn H H™ (Vi )TCVE

Oury, (N?)eij emn H H™ (L))TC' VY, Oun, IN¢(Ny+1) (H] HY) (N7, C Nig)
U2X
Opep, (N?) B (€p 0w ELq) OBE,Ex (N?) B (ERp 0w ELq)
OBLV (N7) B (V Rpi 0 L) OwLvs (N Wi, (V gpi !0 L)
OBv,va (N7) B (V rpi 0 Vi) Owv,va (N WL, (Vepitlo™ Vi)
OBN,Ng (N7) B" (N rp 0y NLg) OBy 5N (N = 1) By, (Nf, C ot Npy)
Opn, 3N#(Ny = 1) By (N}, C o™ Nig)

Table 10. SM extended by Vector-like Leptons (Vi r, Er g, Ni r): additional operators of dimen-
sion 5. 4,7, m,n are the SU(2) indices and p,q = 1,2, --- , Ny are the flavour indices. 1 (I=1,2,3)
is the SU(2) generator. Operators in red violate lepton and baryon numbers.

e On account of ¥ being an SU(2); triplet we obtain multiple operators of similar
structure whenever the other doublets L, (), H or the triplet Wiy are involved.

e We obtain lepton and baryon number violation among operators of the class W4,
V2P X and W2P3. These operators have been coloured red.

SM + vector-like leptons (Vi r, Er r, NL,r): it may be possible that the SM is ex-
tended by a set of lighter degrees of freedom. To discuss that kind of scenario, here, we have
considered an example model where the IR DOFs are vector like leptons: lepton doublets
(Vi,r) with hypercharge 1, singlets with hypercharge —1 (Ef, g), and 0 (Np, g). This subset
of particles can be embedded in a rather complete scenario where parity is respected, e.g.,
Pati-Salam, LRSM etc. The vector like fermions may induce first order Electroweak Phase
Transition (EWPT) and explain the origin of baryon asymmetry [20, 116-119]. They also
affect low energy observables [120-122]. The effects of parity conserving complete theories
can be captured through the effective operators involving these vector like fermions. In
that case, it would be important to note how the tree-level predictions get affected in the
presence of the higher dimensional operators. Here, we have listed the dimension 5 opera-
tors in table 10. We have catalogued the set of dimension 6 operators in tables 11-17. The
operators with distinct hermitian conjugates are depicted in blue colour.

Features of the additional operators:

e At dimension 5, we have both B, L conserving and L violating operators within the
U2®2 and U2X classes.
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Onvye (N?) (Vipieq HY) (HI HY) Onvar, (N)(V i Erg H') (H] H)
Onv, b (N?) (Vipi Erg HY) (H] HY) Onrpy (N?) (Lyi Erg H') (H] H)
OnvyNg (N?) €5 (Nrp Vi, HY) (H] HY) OHLNg (N?) €ij (N gy Ly HY) (Hf H)
Onvan, (N?) € (N1 Vib, H) (H] HY) Onrn, (N?)eij (Ly)T C Nig HY) (HJ HY)
Omvn, (N?) eij (VE,)" C Npy HI) (H] HF) OHviNg (N?) €5 (V)T C Npg HY) (Hf HY)
U2 X
OBHV,e (N?) B, (VLm' o eq) H' Ownvie (Nf) (VLPL o eg) T T
OBHLER (N7) By (Lpi 0" Egg) H' OwHLER (N7 Wi, (Lpi o™ Eg) 7" H'
OBHLNg (N?) By (Lyi 0" Npy) H; OwHLNg (N7) Wi, (Lyi o™ Ngg) 7" H;
OBHV, B (N?) By (Vi 0" Egg) H' Ow nv, Ex (N Wi, (Vipi o™ Egg) ! H
OBHV, Nk (N}) €ij Buw (N rpi o Vi) HY Ownvye (N WL, (Vipiot eq) ! H'
Ow v, Ng (NF) €1 Wiy (N ppi o Vi) 7 HY OBnv, Bp (N}) B (Vipi 0 Eg) H'
OwnvrE, (NH) Wi, (VRyi o Brg) 7" H OBHVaN, (N?) By (V pi o Nig) Hi
OWHVaN;, (NF) Wi, (VRpi 0* Nrg) 7" H; OBHVREL (N?) €ij B (V ppi o Eg) H'
OpHLN;, (N?) €ij By (N1, C o L) H Opnv, Ny, (N?) €ij By (N1, C o Vi) H
OBHVaNg (N?) €ij By (N, C ot Vi) H OwnLNy, (N?) e Wi, (Nf, C ot Li)rh HI
Ow HVNg (NF) i Wi, (Nf, C ot Vi) m! HI Ownv,n, (N?) ey Wi, (NE,C ot Vi )T HI
U2p2D

Offep (N?) (Vipir* Vi) (5D, ) oo (N?) (V1in" Vi) (H]i'D , 1Y)

o » (N2) (V iy 7! Vi,) (H iDL H) o » (N?) (Vi 71V},) (HIi'D, HY)

Onv,p (N?) (Np# Nig) (H] D, ) Onyp (N?) (Nrp " Nig) (1] i'D , 1)

Oupyp (N?) (Erpy" Erg) (H] i, HY) Oupyp (N2) By Eng) (H i’ HY)
Oternp (N?) (€p7" Ery) (H] iD,, H') Otenpp (N2) (Nrpteq) (H] iD,, H')
Oupnip | (N3 ey (Niyy# Brg) (H] Dy, HY) Oltbv,p (N2) (Lyiy" Vi,) (H] iD, HY)
OH gD (N3) (N gy y* Eng) (H] D, H') OFhv,o (N3) (Lyin* 71V},) (H] iDL HY)
Onrven | (N3) i mn (V)T O L) (HYiDu HY) | Onvyven | (N3) €3 emn (V)T C# Vi) (B D, HI)
Oneny (N?) (ef C " Nig) (H 4D, H') Onpn, D (N}) (Ef, C " Nig) (H] iD,, H')
O1p, NyD (N?) (BT, C " Ngy) (H} D, HY) OHN, NpD (N?)(NF, C 4" Npg) (H] iD, H')

Table 11. SM extended by Vector-like Leptons (Vi r, Er g, Nr r): additional operators of dimen-
sion 6. 4, j,m,n are the SU(2) indices and p,q = 1,2,--- , N; are the flavour indices. 77 (I =1,2,3)
is the SU(2) generator. Operators in red violate lepton number.
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Oug,,
Ockp
Ok,
OLE,
o,
o,
Ouavy,
Oy,
OvypEy
OvyEp
0Lty
O,
Oun,,
Op,N,
OLn,
Ovpn,
Ouany
OE, Ny
OrLng
OvgNg
Onp,
Ogny,
Ol
O4h,
Ogng
Ouv,,

Ou Vr

OuNL

(N}l) (ELp ’Y'u ELq) (Era T d?)

(N}l) (ép 7“ eq) (ER'V‘ Tu ERS)

%N?(Nf + 1)2 (ERp ol ERq)(ERr Tu Egs)

(N}) (Lpiv* Li)(ELr v ELs)

(N )(VLPZ o VLq)( rj ’YMLJ)
(Nf)(VLm’VﬂT VLq)( i Yn T LJ)
(NF) (dpa " d3 YV Lri Y Vi)
INFNE+1) (Vi v VE ) (Vg 7 Vi)
(N?) (Erp " Erg) (V Rei Yu Vis)
(N?) (Erpy* Erq) (VRri Yu Vi)

(NF) (V Rpi v Vigg) (Lrj v LL)

(N (VRpiv* 7" Vi) (L vy 7" L)
(N}) (dpa ™ dg ) (N e v Nis)

(N}) (Erp¥* Erg) (N1 Yu Nis)
(N) (Lpi v L) (N L Y NLs)
(N) (Vrpi v Vieg) (N 1 Y Nis)
(N}) (dpa v dg )(N Ry v Nrs)

(N?) (ELp¥" Erq) (N Rr Y Nrs)
(N?)( pl'VHLZ)(NRT’Y,uNRs)
v

( ) VRp1 ’YH VRq)(NRT 'm NRS)

INF(N; + D?(Nrp 1" Nig) (N e 9 Nis)

(N}) (Qap " Q) (N Lr v Nis)
(NE)(V 1pi Y Vig) (Qraj 1™ Q37)
(N (Vi v T Vi) (@ v 71 Q1)
(N} (Qpa v QF)(N ry Y Nrs)
(N}) (tpa ¥ ug) (V L Y Vis)
(N?) @pa v ug) (V Rri Yu Viss)

(N}l) (Tpa Y “3) (Npr YuNLs)

Ocp,
Ok, g
Op,
OLEg
Ov, g,
Ov, Ex
Ovie
Ouvy
Oevy
Ovy,
v,
OV,
Ocny,
Oggn,

OVLNL

OuER
OuNR

OdEp

%N]%(Nf + 1)2 (ELp ol ELq)(ELT T Ers)

SNFNG + 1) (Vipi v Vit ) (Ve 1 Vi)

1
1

(Nj‘l) (ELp o ELq) (e T es)
(N]%) (ELP 7# ELq) (ER’I“ Y ERS)

(N) (Lpiv" L) (ERr v Ers)
(N) (Brp 7" Erq) (Viri v Vi)
(N) (Erp " Erg) (V Lri v Vi)

(N} (@pr* eq) (Viirivu Vi)

(Nj) (dpa " dg )V Rei Y Viks)

(N?) (7" €q) (V Rri Vi Vi)

(ND) (Vrpi v Vi) (V2 1 Vi)
(ND) (Vg 7! Vi) (Vi7" 7 V)
(N}) (€7 €q) (N Ly 7 NLs)
(N}) (Erpy" Erq) (N Lr Y NLs)
(NH) (Vi v Vi) (N Ly v Nis)
NF(Nf+1)* (Nrp¥* Nig)(Nir v Nis)

(N?) (ep7* eq) (N g, Y NRs)

)
V@

Table 12. SM extended by Vector-like Leptons (Vi g, Er r, Ni r): additional operators of di-

mension 6. 7,j and « are the SU(2) and SU(3) indices respectively. p,q,r,s =1,2,---

, Ny are the

flavour indices. 7! (I = 1,2,3) is the SU(2) generator. All the operators in this table conserve the
lepton and baryon numbers (AB =0,AL = 0).
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OV Vier,
O@VRSEL
O, e
O, e
O e,
O e

(1)
OLvuva

@)
LV Vg
O Ny Na
O eNoa
OBy Ny
OB, Ny
O VNN
O Vi Vi
OQiv,
Oiv,
Ofars
OGhL e
Ofavie
Obuvie
OQavye
Oqexy
OQuvrE,
OQuLNy

OQdVR N

(N3 (Vi1 Vi) (Brr es)

(NE) (V1i 04 Vi) (Brr 0y )
(N}) €5 (Vi eq) (Lij v Nrs)
(N}) €ij (Vi 0" €q) (Lrj 0 NRs)
(N}) (Lpi Vi) (ELr €5)

(N}) (Lyi o Vi) (ELr 0y €5)
(N}) (Vipi Vibg) (T Vi)
(N (Vi 0 Vikg) (L 0 Vi)
(N) (Lpi Vi) (N Ly Nps)
(N}) (Lpi o Virg) (N 1y 0 NRs)
(N}) (N1p Nry) (Erre5)
(V) (N1p 0™ Nigy) (L o €5)
(N#) (Vipi Vizg) (N 1 Nrs)
(N}) (Vipi 0" Vi) (N1 0y NRs)
(NP) (Qupi 7" Qg) (Lrj v VL)
(N}) (Qapi 7 7 Qiug) (Lo 7™ VL)
(N}) €ij (Qup Erg) (Lrj tias)
(N}) €ij (Qup o™ ERg) (Lrj 0y tas)
(V1) €ij (Qap taq) (Virj €s)
(N}l) €ij (Qap 0" taq) (ViLrj opw €5)
(NF) (dpa 7" €q ) (V Lir 70 Q")
(N}) (Qupi 7" Q") (€ Vu Ers)
(N?) €ij (Qupi v Erg) (V Rir Yu 1)
(N) (Qapi v L) (N Ry Y ug)
(N}) €ij (Qupi v d§) (V Rrj v Nis)

OSL VrRELER
Ot
O, Bana
Of, B
Oy B
O b1 5n
Oty
O,
0L, 7,
0,7,
ON Vit 1
Og\?l NpELER
OQaL
O
OQuv e
O,
OS’ZVL Er
Ofvn
OQuviens
O(QQ'l)LVRN 9
OgdrLEg
Ogav, Ex
OqeEx

Oguv; Ny

OudEe; Ny,

(NF) (Vipi Vigg) (ELr Ers)

(N}) (Vipi o Vi) (ELy 0w Ers)
(N?) €ij (V1pi Erg) (Lrj Nrs)
(N}) €ij (Vipi 0" Erg) (Lyj 0 NRs)
(N}) (Lpi Vigg) (ELr ERs)

(N}) (Lpi 0 Vieg) (ELr 0 Ers)
(N}) (dap Qhg) (Vi ErLs)

(N}) (dap 0 Qisg) (V Rri o ELs)
(NP) (Vrpi Vi) (Les Vi)

(V) (Vrpi 0 Vig) (Lo o Vi)
(N}) (N1p Nrg) (Err ERs)

(N}) (N1pi 0" Nigg) (ELr 0y Ers)
(N?) €1 (Qupi dag) (Lrj Nrs)
(N}) €ij (Qupi 0" dag) (Lrj 04 Nrs)
(N}) €ij (Qupi dag) (Virj NRs)
(N}) €ij (Qupi 0 dag) (V Lrj 0y Ns)
(N}) €ij (Qup Erg) (V Lrj Uas)
(N}) €ij (Qup 0™ ERrg) (V Lrj 0w Uas)
() (@i ) (N1 Vi)

(N}) (Qapi o ug) (N 1w 0y Viy,)

(N}) (Lypiv* Qg (d

(N?) (dap ¥ Erg) (V Lir 71 Q%)
(N}) (Qapi v Q5") (ERrr Y €5)
(N?) (Qapi 7 Vig) (N e Y ug)
(N}) (dap " ug) (N e v Brs)

ira Y ER&)

Table 13.
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o

Oudcry (N}) (€p"" ERg) (dra vu dS) Oarv, (N}) (dpa v d§ ) (Lpi vu Vi)

OdueNg (N}L) ( ap V" Uf;) (Ng, Vu €s) OdubpNg (N?) ( ap 1" a) (Ngr Vu Ers)

OuLv, (N}) @pa " ug) (Lpiv" Vi) Ouzey (N}) (tpa v ug) (€ v Ers)

Ovier (N}) (€ 7" Erg) (V Lri v Vi) OLekp (NF) (Lyiv* Ly) (@r Y Ers)

OLv,E; (N} (Lpi v Vi) (ELr v ELs) Ov, e (N}) (Lpiv* Vi) (@r v Ers)

Orepg (N}l) (Lpin* Ll) (& Y ERs) OLvie (Nf) (Lpiv* VLiq) (&rvpes)

Orv, e (N}) (Lpiv* Vi) (ERrr v Ers) OLvuE, Fr (N}) (Lpi v Erg)(ERr v Vi)

OLva N3N +1) (Lpi Vi) (Lrj Vi) Ore,N, 3 NH(Ns = 1) €ij (Lpin* Erg) (Lrj v Nis)
OrLeng (N}) €ij (Lyi Nrg) (Lyj es) OLERNg (N}) €ij (Lyi Nrq) (Lrj ERs)
Orvie (NH) (Vi v L) (e v es) 01,5k (N (Vipi™ L) (@ v Ers)

OBy, (N) (Erpv* L) (V Rei Y €s) OLvmiy Br (N}) (Brpy* L) (V Rri Yu Ers)

OV, Ve, (N) (Brpy* Vig) (V Rrivues) Oy, Vit Er (N}) (Erp v Vig) (V Rei Y Ers)
Orrv, (NP (Vi v L) (L v L) OLv, i, (N) (Erp v Erg) (Vi vu L)
OLvvy (N (Vipiv* Vi) (Lo v VL) OLv,E N, (N} €ij (Vipiv" Erg) (Lrj vu Nis)
OLviNg (Nf) (VLpi o LZ)(NRr Yu Nrs) Orv, %Nfz(Nfz +1) (L, pi V" VLq) (L rj Tn VLS)
Ovyeng (N}) € (Vipieq) (Virj Nis) Ovinpm, | sNF(Ny = 1) € (Vipiv" Erg) (V Lej v NLs)
OV, ErNg (N}) €ij (VLpi Erg) (V Lrj Nrs) OVirep (N}) (7" Erg) (V Rri i Vi)
OLvgen, (N}l) €ij (Lpi " Nig) (V Rrj Y €s) OLvpERNy (N}l) €ij (Lpi " Nig) (V rej Y ERs)
OV, VreNy, (N} €ij (Vipiv* Nrg) (V rej v es) Ov,VrErNL (N}) €ij (Vipiv" Nrg) (V rej vu Ers)

OV, VrELNg (N}) €ij (Vipi v Erg) (V Rrj Yu NRs) Ovpva NFNF+1) (Vipi Vi) (Vi Vi)
OLVRNLNR (N}) (V Rpi v Nrg) (N1 v LY) OV Ve N Nr (N}) (VRpi 7" NRrq) (N Lr v Vi)
Ovprpng | 3NF(Nf = 1) (VRpiv* Erg) (VRej v NRs) | Ovgeng sNFN = 1) (Vi v €q) (V Rrj Yu Nrs)
OLVrELNR (N}) €ij (Lpiv"* Erg) (V Rrj Yu NRs) OvpELNy, (N}) €ij (Vrpi Erg) (V rej NiLs)

Orvin, (N} (Vi v L) (N L v Nis) OnN, Ny $NF(N? +1) (Nrr Ngs) (NLr NRs)

OcErNg (N]%) (ep 7" ERg) (Ngr YuNRs) OeERER %N}; (Ny+1) (@" Erq J(ER: Yu Ers)
Ozl %N?'(Nf +1) (@ " Erg)(@ryues) Oekp %N}Z'(Nf +1)2 (& Y* ERrg)(@r vy Ers)

Ocp,En (N}) (€p 7" Erg) (Err v ELs) Ok, iy (N}) (Erp* Erg) (B yues)
Oer, $NF(N? +1) (67" Eg)(er vu ErLs) 05, En (N}) (ELp* Erg)(ELr Yy €s)

OB, ERNLNg (N}) (Erpy* Nrq) (N Lr Y BlLs) Ocrpny, (N}) (87" Erg) (N v Yu Nis)

Octz NgNy, (N}) (87" Niq) (N Lr Yu ELs) O by BNy (N}) (Erp v Nig) (N 117 ELs)

Ockrny, (N}) (Brpy" eq) (N Lr ¥ Nis) OF, b 3NF(N? +1) (Erpy" Erg)(Err v Ers)

Table 14. Table 13 continued.
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Owyy | (N} eapy [(d)T Cdj] ()" C Nps] | Oqany, INF(Ng + 1)e™ 65 [(QI)T C Q) ()" C Nry]
Oqauvy, | (N}) eapy €5 [(Q))" C qu] [(d)TCul]l | Oqvy | §NF(2NF + Deagy €n ekm (@) C QP [(Q7)T CVEY]
Ouddny, (N}) €apy [NLpug] [(d])T C ] OQury SNG4+ 1) e i [(Qi)T C QiP] [(u))T C Es
OuudER (]\v}l) €apy [(U;DT C Urﬂ [(d:)T C E!Cs} OdEL %‘Vf(‘vf - 1) €apBy ((d[o:)T C d;j) (ELr (12)

Oqavy | sNF(Ny — D)e™ [VRyuQiP] [(d])" CdY] | Oqan, s NF(Ny +1)e* €5 [N, dg] [(Q1)T C QP

On, | NF(NF = D)(N[,CNig) (Nf, C Nis) | Ongng iNF (N + 1)*(N[, € Nig) (Nf, C Nrs)

Onpg ﬁN;(N; — 1)(N%, C NRg) (N£, C Nrs)

Table 15. SM extended by Vector-like Leptons (Vi r, Er g, Nr, r): additional operators of dimen-
sion 6. 4,j,m,n and «, 5,7 are the SU(2) and SU(3) indices respectively. p,q,r,s =1,2,--- , Ny
are the flavour indices. The operators above the dashed line violate the baryon and lepton number
(AB =1,AL = +1) and below the dashed line violate only the lepton number (AB = 0, AL = —4).

\1}4

O, (N}) € (dpo Q) (LT CNL) | Obvuny | (VB €ij (dpo Q) (V)T C Nio)
Obuins | (N €ij (dpo 0 Qi) (LT C o Ni) | Oy ny | (VB €35 (70 Q) (V)T C 0 Nio)
Oaqmuna | (N} @i Nra) (@) CNL) | Oquun, (ND) @pai ) ((LE)T O N.)
Oquvin, (N$) (@pai ug) (VE,)T C Niy) O (N$) (Qpas ug) (Vi)™ C Ngs)
Oavann | (N} €ij (oo Q) (VAT CNRs) | Oiana | (VD) (@i 0 1) (Vi)™ C 0 Nigy)
Ouav, v (N}) € (dpa Vi) (d)T C V) Oudrvy (N}) €5 (dpo LY) (u)T C V)
OudeNy, (N}) (dpa NLg) (u)" Ces) OudER Ny, (N}) (dpa NLg) (u)" C Ers)
OudEy Ny, (N}) (dpa BLg) (uf)" C Nrs) Odny Ny (N}) (dpa Nig) ((d)" C Nps)

Table 16. SM extended by Vector-like Leptons (Vi g, Er r, Ni r): additional operators of di-
mension 6. ¢,j and « are the SU(2) and SU(3) indices respectively. p,q,7,s =1,2,---, Ny are the
flavour indices. All the operators violate only the lepton number (AB = 0, AL = —2).

e At dimension 6, we have the freedom to write down multiple covariant forms corre-
sponding to a particular operator. But not all of them are independent. For example,
the operator Oy, v,N, Ny in table 14 can be written in a covariant form as either
(V Rpi VLiq) (NLr Nrg) or (Vepiv* Nrg) (NLr v, Vi,). But these two structures are
related to each other through the identities mentioned in subsection 2.3. Therefore,
we have included only one of them to avoid any redundancy in the operator set.

e This model offers the violation of baryon and lepton numbers of different amount
unlike other scenarios discussed in this paper. We have noted the (AB,AL) of
following amounts: (0,+2), (0,44). (£1,+1) and (+1,F1) within the ¥4 23,
V292D, and V2P X classes.
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,1,4

OLen, (N}) €ij [ep Nig] [(L3)" C L) OVeny, SNHNp — Ve [ep Nigl [(Vi,)T C Vi)
O, o (N#) e [e Li) (V)T C N Ov,en, (N8 e [, Vi) (V)T € Niy)
Ofhem, | NP e B0 LN (V)T Co"Nig) | Oepyny (N}) (e Brq) (N, C Niy)
OLVgeNg (N €3 [ep L] (V)T C Nl OV, VieNg (N}) €ij [ Vi (V)T C Ni]
OcNyNg (N})(€p Nig) (ef C NEs) OzipNpNg (N#)(@ N1g) (Ef, C Nrs)

OLvpELN, (N}) €ij [Erp Vi) [(L1)T C N ] Oz, Np $NH Ny +1)(ep ELg) (Nf, C Ngs)
OvivaEL N, (N} €ij [Brp Vi (VL) C NiJ] O, N, 3N} Ny +1)(Erpeq) (Nf, O Nis)

Os,many, | aNF(Ng +1)(Brp Brg) (NL, O NLs) | Orpyng | 5NNy — 1) e [Erp Nrgl [(L3)" C L)

OLv, E;Ng (N} €ij [Brp Nrgl [(LD)T C V] OviNg | 3NF(Ny = 1) €ij [Bry Nag [(Vi,)T C VL)
OVpELNg (N}) € [Erp Virg) [(Vih,)T C NgJ] OF, N, Ng (N}) (Erp Nrg) (Ef, C Nis)

OB, Np (N}) (BLp NRq) (ef C Ns) OB, 5pNn (N}) (Erp Niy) (EE, C Nrs)
OLBgN, (N}) € [Erp L) [(L3)" C Niy) Ovepn, | SN}Np = 1) i [Ery Nig) (V)T C V]

O, v, (N}) € [Ery L] [(V,)" € Ni] OvEaNy (N €35 [Erp Vi, [(VE,)T C N

O(LQ‘)/LERNL (N}) € [Erp oy Li] [(VE,)" C o NJ] Op, Erny, (N}) [Ery N1g) [(EL,)" C Nps)

OLViErNg (N) €ij [Erp L) (V)" C Ngi] OVLViErNg (N}) € [Erp Vil (Vi)' C Nry]

O BNy N (N}) (Erp Niq) (€ C Ngs) OBgNLNg (N}) (ERrp Niq) (Ef, C Nrs)
OLvan, 3NF(Ny + 1) (L Vi )(NT, C Nis) Ok, Fnin $N}(Nf+1) (Ery Erg ) (NE, C Nrs)
OLNLNg (N}) (Lpi Nrg) (L)" C Nrs) OLv, Npn, (N}) (Lpi Nrg) (Vi,)" C Nis)
OLvnn (N}) (Lpi Nrq) (Vi)™ C Nps) O%, van, s NF(Ny +1) (Vipi Vi )(NE, C Nis)

OLv N Ng (N}) (Vipi Nrg) (L3)" C Nis) Ov,N.Ng (N}) (V1pi Nrg) (Vi,)" C Nis)
O% VN (N?) (Vipi Vg ) (N, C Ngs) OV viNs (N#) (VRpi Vig) (N, C Nis)
OViNNg (N}) (VRpi Nrg) (V)" C Nrs) Orvan, (N}) (Vrpi Ly )(NF, C Nis)

OLVaNg 3NF (N +1) (Vi Ly) (Ng, C Nis) OV, Vg 3 NH (N +1) (VRpi Vi) (NE, C Nrs)

ONLNLNR %N?(Nf+1) (NLplN}{q) (NEONLS) ONLNRNR %N?(Nfil) (WLPL N}‘%q) (N£TCNHS)
Oxaniny, | 3NF(NVF=1) (Nrp Nig) (N, C Nis) | Onywpng | 3NF Ny +1) (Nrp Nig) (N, C Ngs)

Ouny N (N?) (Tpa Nig) ((U?)TCNRS)

Table 17. Table 16 continued.
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Non-SM IR DOF
Model No. on ® SU3)¢ | SU(2) | U(1)y | Spin | Baryon No. | Lepton No.
(Lepto-Quarks)
1 X1 3 2 16 | 0 1/3 -1
2 o1 3 1 2/3 | o 1/3 -1

Table 18. Additional IR DOFs (Lepto-Quarks) as representations of the SM gauge groups along
with their spin and baryon and lepton numbers.

3.2 Standard Model extended by colored particles

So far we have discussed the possible choices of lighter DOFs which are color singlets. Next,
we have considered a few cases where the light BSM particles are Lepto-Quark scalars that
transform non-trivially under SU(3)¢c, see table 18. These particles possess attractive
phenomenological features due to their participation in color interactions [123-129] and to
be precise for their role in explaining the B-physics anomalies [130, 131]. The Lepto-Quarks
may belong to multiplets of a rather complete theory, e.g., Pati-Salam model [132, 133],
unified scenarios [134-136]'? etc. In most of the UV complete theories, the colored scalars
are accompanied by other particles. To capture their impact in low energy predictions, it is
suggestive to consider the effective operators involving these colored scalars. To encapsulate
that, we have constructed the effective operator basis beyond SMEFT including these
Lepto-Quarks.

We would like to mention that due to their non-trivial transformation properties under
SU(3)¢, while computing the effective operators in covariant forms we may require following
tensors fABC and d4BC . defined as:

8 8
1
T4, 78 =Y A50rC, {14, TP} = gaAB Is+ Y d*PCTC (3.1)
c=1 c=1
Here, 647 is the Kronecker delta and I3 is the 3 x 3 unit matrix. We have also used specific
forms of the derivatives as:

< <= <= <=
iDL =7"iD,—iD, 7" and D) =T4iD,—iD,T" (3.2)

SM + lepto-quark (x1): to start with, we have considered a color triplet, iso-spin
doublet scalar with hypercharge 1/6, and specific baryon and lepton numbers, see table 18.
This particle possesses similar gauge charges as the SM quark doublet and allows mixing
between quarks and leptons. The effective operators of dimensions 5 and 6 containing xi
have been catalogued in tables 19 and 20-21 respectively. The operators with distinct
hermitian conjugates have been highlighted in blue colour.

Features of the additional operators:

e We have noted the presence of lepton and baryon number conserving as well as

violating operators in the U2®? class only. The mixing between quark and lepton

sectors is induced through operators like @8%1({2;1, Oue Hy1s @U€X1 and @Q L1

12Supersymmetric theories also naturally contain colored scalars very similar to this IR DOF.
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P2p2
04y, (N3) € (@) C L) HE X o Oy, (N3) e (@) O L) (HF 71 X )
Oueriy, (N3) (u$)” Ceq) (H X o) o), LN+ N (@) CRY) (W) i Xl 55)
Ouiry (N3)eij (I($)T Cdf) (x| i XL 5) O | AN+ Np) (@) CTAQF) (Xl i TAX] 57)
Oudttx, (N?) gy ((ug)” Cdf) (H; x7") Oqrr (N?) €apy €5 (Q51)T C Q) (Hi x7")
Oqri | (N} eapy€ijer (QNTC L) (x7*X1") | Ouexs (N?) €apy €ij (ug)T Ceg) (X x7)
Oarxs | 5(NF = Np) easy eig (d5)7 Cdf) (H xY')

Table 19. SM extended by Lepto-Quark (x1): additional operators of dimension 5. Here i, j, k,1
and a, 3,7 are the SU(2) and SU(3) indices respectively. T4 and 77 are SU(3) and SU(2) generators
respectively. A =1,2,---,8and I =1,2,3. p,¢g =1,2,---, Ny are the flavour indices. Operators
in red violate lepton and baryon numbers.

e As y; transforms non-trivially under all three gauge groups, there exist multiple
operators with similar structures belonging to the ®° ®4D? W2®2D, and W23
classes. In addition, y; offers multiple ways to contract the gauge indices to form
the invariant operators. Thus a naive construction may lead to erroneous results
and one may end up with an overcomplete set of operators. To avoid this, we have
suitably taken care of the constraints and identities discussed in section 2 to get rid of
the redundant operators. For example, the set 089)(0 — Og?al? exhausts the list of
independent operators. All other structures are related to these operators as shown

in egs. (2.39)—(2.41).

e There are new lepton and baryon number violating operators (in red colour) in the
4D, W2H2D, W23 and W2PX classes. There is notable mixing between the quark
and lepton sectors within the ¥2®2D, U2d3, and ¥?®X classes.

e Within the ®2X? class, we have observed the mixing of color field strength tensor

(Gﬁy) with the electroweak ones (W/

s Buv). This feature is specific to this particular

model.

SM + lepto-quark (¢1): we have considered another example of a Lepto-Quark that
has similar gauge quantum numbers as the up-type SU(2) singlet quark within SM, see
table 18. Here, we have computed the effective operators to grab the features of full theories
containing 7 for reasons similar to those discussed in the previous section. The operators
of dimensions 5 and 6 containing ¢; have been collected in tables 22 and 23 respectively.
The operators with distinct hermitian conjugates have been coloured blue.

Features of the additional operators:

e At dimension 5, ¢ offers only baryon and lepton number violating operators belong-
ing to W2®? class, unlike the previous (x1) case.

e Although there is mixing between B, and Gﬁu within the ®?X? class, there is no

mixing between W!{V and Gﬁy on account of ¢ being an SU(2)y, singlet.

~32 -



d4p? il

oLl () B () ol (0 x)?

oL Od T ) O T4 ) o8 O T4 ) 04 T4 x0) ()

OLb (o D) (6 Do) Ol (xi x1)? (H" H)

o od D) (6 D) O (A T4 ) (4 T4 xa) (HT H)
Ormo (k) O(HT H) it () O 7o) (T 71 )
Oliun (D L) (D ) O s () (B HY?

O (H' H) (D" x1)! (D x0)] O (7l ) (H! 1 H) (HH)
Ofp (X} x1) [(D* H)T (D, B

Omap | €apy iy (G X)) (D H) (DL xTY)]

U2p2D
08 | (VD) (@i @) LD ux)) | O5p | (VD @i T4 Q) (D A 1)
0% 5 | (N @i ™ Q) (i DLxa) | O | (N2) (@poi TAT 47 Q5% (6 40D L 1)
oo (N2) (v Li) (i D ) o2 » (N2) (T 7! 2 L) (iDL xa)
o (N?) (a7 ug) (i D ) o p (N?) (o T u2) (1 D 1)
OWp (N3) (dpa v d3) (6} D 1) O p (N?) (dpa TA 7 d) (1D 1)
OcyiD (N2) (87" ) (X} "D xa1) OdetiraD (N3) (dpa " €q) (H] Dy} )
O mp | (N3 @i " L) (] iDux) | O ip | (VD) (@i 7 4" L) (] iDIXT)
P2Xx2

OBy, By B™ (X} x1) Ok, B B (x] x1)

Oy, G, G () 08, dapc G, GP ([ T x)

Ogil G, G (x] xa) nga dapo G, G2 ([ T x1)
O W, W (3 xa) O, W, W ()
OB By G (X[ T4 x1) Opén By G4 (] T4 x1)
Opwx By W (XJ{ ' x1) OB, By Wi (X]; ' x1)
Owen W GA (6 TA 71 xq) Owén, Wi, GA (T4 7 )

T2pX

OnLax, (N7 €ij B (dpa o L) X7 OcLdx (N?) €5 Gib, (dpo o L) T4 XY
Ow Lays (N3) €i; W, (dpo ot Li) 71 X7

Table 20. SM extended by Lepto-Quark (x1): additional operators of dimension 6. Here 4, j and
@, 3,7 are the SU(2) and SU(3) indices respectively. T4 and 7! are SU(3) and SU(2) generators
respectively. A,B,C = 1,2,---,8 and I = 1,2,3. p,q = 1,2,---, Ny are the flavour indices.
Operators in red violate lepton and baryon numbers.
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\I/2¢3

OQarr, (N?) (@i d) H' (x] x1) O i (N2) @y TA d2) H' (x| T4 x1)
Oy | (VD) @i d) ™ H A7 30) | Ofdrry, | (V) @poa TA ) 7/ H (T x1)
OS&HXl (NfQ) €ij (Qpoi ug) H; (XI X1) OSZHM (N]%) €ij (Qpai TA u) H; (Xi T4 1)
Ogngl (N2) €55 Qo us) 7 Hy (x] 77 x1) OS&HM (N?) €53 @y TAue) 7 B3 (L TA 70 x1)
0Lt (N?) (Lyi eq) Hi (x} x1) 02 (N2) (T e0) 7 Hy (6 71 )

Oqaa | (NF) asy it (Qpii ) X3 01" X1 | Ot | (NF) o € e (s Q) 13 (1" x1')
Ogetix (NF) €kt (Qpai q) X (H; H') OLani (N?) eagr (Lyidg) Hy (7" x17)
Oliirg | VPey (da L)X (HTH) | O | (NP ey (g Ly 7/ 337 (1 7 1)

o, (N?) €ij (dpo Li) X3 (I x1) of) (N?) e (@pa L) 7 X (6L 77 x1)
Oruma | (NF) € et (@pa L) x7* (H7 H')

Table 21. Table 20 continued.

U2p?
(2 5 ( f ) ((uy) ug) (‘/91,(1 @1,,3) LdHyp1 ( j) (dpa Lqi) (Hi ¢7)

Ogetie, (N7) (Qpai €q) (H' ¢7) Oruttg, | (N7) €ij (Wpa Ly) (H7 o)

Table 22. SM extended by Lepto-Quark (¢1): additional operators of dimension 5. Here 4, j and
a, f are the SU(2) and SU(3) indices respectively. p,q = 1,2,---, Ny are the flavour indices. All
the operators of this class violate lepton number.

e For the same reason, ¢ allows fewer possible ways to construct invariant operators
than the SU(2);, doublet x;. This is quite evident from the number of operators
listed in table 23.

3.3 Standard Model extended by abelian gauge symmetries

It is believed that at a very high scale there is a unified gauge theory (GUT) and from
there the SM is originated through a cascade of symmetry breaking. As the rank of the
viable unified gauge groups are larger than that of the SM, in the process of symmetry
breaking the desert region between the electroweak and unified scales may be filled up with
multiple intermediate symmetries. Most of the consistent GUT breaking chains lead to the
presence of multiple abelian (U(1)) gauge symmetries around the electroweak scale, i.e.,
the SM [99, 137-139]. In addition, there are many phenomenological attempts to extend
the SM using multiple additional abelian gauge symmetries, e.g., U(1)p ® U(1) [140],
U1)p—L ® U(1)r, 1, (Lo denotes lepton flavour number) [141-143]. All such scenarios
are expected to be effective ones. Thus we need to compute the complete set of effective
operators to encapsulate the footprints of the heavier modes which are already integrated
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42 o6
ol (el 1) O (] 1) Oy, (o] 1)
o (¢l Duen) (o] D) Opzgi (¢} ¢1)? (H' H)
Olitip (¢l 1) [(D* H)! (D, H)| Oy (¢ 1) (H' H)?
Offhp (H'H) [(D* 1) (Do)
V282D
04)p (N2) (@i 7 Q1) (1D 1) O » | (V) (@i T4 Q) (0} D 1)
OLpip (N2) (Lyiv" L) (9D 1) ol » (N2) (T@pa v u2) (01D 1)
02 » (N2) (e TA v u2) (9] i D 2 1) 0%p (N2) (@pa 7 d2) (9} i'D 1)
0 p (N2) (dpa TA4#d2) (01D 2 1) Ocpip (N2) @7 eq) (9} D 1)
Oqurtgp | (N}) eapy (QS)T Cydl) (H] iDupl) | Orurtgp | (N3 eij (LT Cytug) (] o iD,HY)
P2Xx2
Opy, By, B™ (¢ ¢1) Op,, By, B™ (¢] 1)
04, G, G (o] 1) 0%, dapc G, GPr (01 TC 1)
O(@l;l G, GA (ol 1) Og;1 dapo Git, GP (o] TC 1)
Owe, Wik, W (] 1) Ot Wik, W (ol 1)
0BGy, By G (o] T4 1) Opép, By G4 (0] TA 1)
V2 X
Obdgr | S(N?+Np)easy B (AT Com d) ] | Ogapr | (N2)eapy Gfh ((d2)T C ot df) TA )
U2p3
Ot (N2) (@pas d3) H' (9] 1) Ot (N?) @poa T4 d2) H' (] T4 1)
O, (N2) €ij (@pai u) H (0l 01) O o | (N3) i (Qpos TAug) 7 (] T4 1)
OLetipn (N3) (Lyi eq) H (9] 1) Oqrug, | (N?)eijer (QP)T CLE) (HI HY) o},
Odpr | HNZ = Np)eas, ()T CdBY oY (9} 01) | Ouamon | SN = Np) eagy ((d2)T Cdf) ] (HT H)
Oqrg, | 3(NF = Ny)eapy (Q5)T C QP (H; Hjy) o]

Table 23. SM extended by Lepto-Quark (¢71): additional operators of dimension 6. Here i,j
and o, 3,7 are the SU(2) and SU(3) indices respectively. T4 are the SU(3) generators. A, B,C =

1,2,---,8and I =1,2,3. p,¢ =1,2,---, Ny are the flavour indices. Operators in red violate lepton
and baryon numbers.

out. Instead of considering all such possible scenarios, we have worked out a specific
example model, see table 24. The other possible cases can be addressed in a similar spirit
and using the same methodology. We have listed all the operators of mass dimension 6 in
table 25. The operators with distinct hermitian conjugates have been coloured blue.
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Field | SU(3)¢ | SU(2) | U(1)y | U(1)" | U(1)” | Baryon No. | Lepton No. | Spin
H 1 2 1/2 0 0 0 0 0
v 3 2 1/6 0 0 1/3 0 1/2
ub, 3 1 2/3 0 0 1/3 0 1/2
d", 3 1 -1/3 | 0 0 1/3 0 1/2
» 1 2 ~1/2 | 0 0 0 —1 1/2
e, 1 1 -1 0 0 0 -1 1/2
G 8 1 0 0 0 0 0 1
w} 1 3 0 0 0 0 0 1
B, 1 1 0 0 0 0 0 1
X, 1 1 0 0 0 0 0 1
Y, 1 1 0 0 0 0 0 1

Table 24. SM extended by two abelian gauge symmetries: quantum numbers of the fields.

P2X?
Owxn wi, xmw (HYr1 H) Owxn Wi, X (H'w'H)
Opxn By X" (HTH) Opxn By X (H'H)
Oxn X, X" (H'H) O X, XM (HTH)
Owyn W, Y4 (HYTUH) Ovryn W;{u Y (Hir'H)
Opyn By, Y (H'H) Opyn By, Y (HVH)
Ovn Y Y (HVH) Ovyr Vo Y (H'H)
Oxvn Xy Y (HTH) Oxvau X Y™ (HTH)
V2P X
Oxqan | (N7) Xuw (dpa 0™ Q3 H; | Ovqarr | (N}) Yo (dpo 0 Q") H;
Oxrerr | (N}) X (epo* LYH; | Oyrer | (NF) Yo (70" L) H;
Oxqur | (N7) €ij X (Tpa 0 QY )VH? | Oyqun | (N7) €ij Y (Tpa o™ Q") HY
X3
Opxy BLXYY Opxy BLXVY )

Table 25. SM extended by two abelian gauge groups: additional operators of dimension 6. Here
i,j and « are the SU(2) and SU(3) indices respectively. 77 is the SU(2) generator, I = 1,2,3.
p,q=1,2,---, Ny are the flavour indices.

— 36 —



Features of the additional operators:

e There is no dimension 5 operator unlike the previous cases.

e Abelian mixing among B,,, X,, and Y, has been noted in ®2X?2 and X3 classes.
These operators can generate kinetic mixing even if it is switched off at tree-level.

e There are no additional baryon and (or) lepton number violating operators as ex-
pected.

3.4 Flavour (Ny) dependence and B, L, CP violating operators

In the SM, fermions appear in three flavours:

VeJ, VL Vsl Uy, cy, tr,
LIE ‘ 7LQE g 7L3E ! 7QIE 7QQE 7Q3E )
er 153 TL dr, SL br,

(3.3)
and analogously for the right chiral singlets. In the unbroken SM, all flavours are in the
same footing. The distinction is visible only after the symmetry breaking, once they acquire
different masses. At the tree-level, there is a clear absence of lepton flavour violation while
the same is induced in the quark sector through CKM mixing. But the insertion of effective
operators certainly alters this observation. Here, we have presented our results in terms of
Ny flavour fermions. The operators corresponding to different example BSMEFT scenarios
are classified into the following categories based on their fermion contents:

e No fermion: at dimensions 5 and 6 we have the ® and ®°, ®4D?, X3 ®2X? classes
which do not contain any fermion fields. Thus the number of operators belonging to
these classes are independent of Ny as expected.

e Bi-linear fermions: we have found ¥2X, 022 and ¥2®2D, V20X, U2P3 classes at
dimensions 5 and 6 respectively. The number of operators belonging to these classes
are of the following forms: %Nf(Nf - 1), %Nf(Nf +1), and N]% which correspond to
overall anti-symmetric, symmetric and a combination of the two respectively. The
similar tensorial structures under internal and space-time symmetries also play pivotal
roles to determine flavour (Ny) dependent coefficients.

e Quartic fermions: there exists only ¥* class at dimension 6 which contains four
fermion fields. Here, the number of operators is a function of the product of any
two elements belonging to the set {%Nf(Nf - 1), %Nf(Nf +1), N]%} But depending
on the symmetry structure and fermion representation we may find more intricate
combinations and those need to be analysed carefully, see ref. [40] for a detailed
discussion.

We have summarized the number of operators for each class for all the scenarios. We have
listed the number of additional dimension 5 operators in table 28. The same information
for dimension 6 operators has been collected in tables 26 and 27. We have also highlighted
the number of B, L and CP violating operators for clarity.
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Number of Operat N
BSM Field | Operator Class umber of Operators as f(Ny)
Total Number (CPV Bosonic Ops.) | B, L Violating Ops.
6 3 0
PiD? 5 .
ot P2 X2 6 (3) 0
V22D TN? 2N?
e 9N} — Ny N2 — Ny
2 9 ,
U< X 2Nf 2Nf
6 3 0
PiD? 3 .
p++ P2 X2 6 (3) )
V292D 7]\7? 2NJ%
e ON} + 3Ny 3N? + 3Ny
VDX N2 N, NP N
o° 10 0
1?2 7 0
A ot 10 (5) 0
V22D 9N? 2N?
v2e3 18N]%+4Nf 6N]%+4Nf
V2 X 3N N, 32—,

Table 26. Number of additional operators of different classes at dimension 6 with Ny fermion
flavours for each BSM model. The numbers in parentheses denote the counting for CP violating
purely bosonic operators.

4 Conclusions and remarks

In this paper, our chief objective has been to pave the way for BSMEFT. The UV model
realised in nature, which is yet to be observed, may be residing over a range of energy
scales containing a highly non-degenerate spectrum. Thus, it is very unlikely (unless it
possesses a compressed spectrum) that all the non-SM particles are integrated out at the
same scale leading to an effective theory described by the SMEFT Lagrangian. Instead,
we expect to see a first glimpse of the full theory at ongoing high-energy experiments,
where a new degree-of-freedom might appear on-shell. After obtaining the first hint of
a new resonance, the imminent course of action will be to embed this new particle into
an extension of SMEFT, where this particle acts as a new infrared degree of freedom in

addition to all Standard Model particles. We denote this class of new effective theories as
BSMEFT.
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Number of Operators as f(Ny)

BSM Field Operator Class
Total Number (CPV Bosonic Ops.) | B, L Violating Ops.
U2H2D 2N} 0
) U293 4N? 4N?
V2oX 6N7 6N7
ot 8N} - IN? 4+ IN? 9N} — N}
U2p3 20N7 6N7
Vi.r; ELr: NL.R V2oX 44NJ? 12]\7?
U2H2D 32N} 12N?
o SEN? +6N7 + N7 BN+ N} — LN?
il 7 0
PAp? 10 2
Yi d2X?2 14 (7) 0
V292D 17N} 6N7
23 38N7? 18N}
U2p X 6N7 6N7
il 0
42 0
o1 P2x2 10 (5) 0
V2H2D 12N7 AN}
U293 15N} — 3Ny 3N} — 3Ny
T2PX 3N7 + Ny 3N7 + Ny
X3 2 (1) 0
KXus Vi D2X2 14 (7) 0
U2oX 12 0

Table 27. Table 26 continued. The numbers in parentheses denote the counting for CP violating

purely bosonic operators.

Already several rather minimal extensions of the SM exist, which attempt to solve or at

least address its specific shortcomings. These extensions are therefore phenomenologically

motivated and can be considered residual theories of multiple UV theories, e.g. a second

scalar particle can arise from a plethora of very different UV models. Thus it would be wise

to consider them as part of an effective theory, where the other heavy modes belonging

to that unknown full theory have been integrated out. To capture their footprints we can
include the lightest non-SM particle as the IR DOF along with the SM ones and construct
the effective Lagrangian. This enlarges the operator set beyond the SMEFT and that is
what we call BSMEFT.
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Numb f t N
BSM Field Operator Class umber of Operators as f(Ny)

Total Number | B, L Violating Operators

5t V22 TN? + Ny N7 + Ny
A 22 TN? + Ny N7+ Ny
P° 6 0
5 U2ep? 4N? 2N}
v2X 2N? 0
Vi,r; ELr; NLR et QON’% AN 6NJ% AN
WX 16N7 — 2Ny 2N7 — 2Ny
X1 U292 19N + Ny 13N + Ny
©1 V2 P2 TN? + Ny TN? + Ny

Table 28. Number of additional operators of different classes at dimension 5 with Ny fermion

flavours for each BSM model. There are no new dimension 5 operators for the models containing
T+ and X,,Y,

pTT and X,,Y,.

Looking into the possible well-motivated scenarios we have categorized the BSMEFT
construction into three different classes: SM extended by additional uncolored and colored
particles and gauge symmetries. For each such class, we have adopted multiple example
models. We have computed all non-redundant dimension 6 operators, extending SMEFT
to BSMEFT. We have reached out to a variety of scenarios by adding color singlet scalars,
fermions, colored Lepto-Quark scalars, vector-like fermions, and extending the gauge sym-
metry by two abelian groups. Many neutrino mass models contain complex SU(2), singlets
and (or) multiplets. All of them can be suitably described by a single effective theory
containing a singly, or doubly charged scalar as the additional IR DOF. There are more
complete theories, e.g., the parity conserving Pati-Salam, Left-Right Symmetric Model,
etc. which contain all these DOFs in their minimal and (or) non-minimal versions. The
suitable choices of heavy modes, consistent with phenomenological constraints, will allow
us to rewrite multiple theories in terms of an effective one. The future observation of the
non-SM particle(s) will pinpoint the unique choice of additional IR DOF(s) and will open
the gateway of BSMEFT.
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A The SMEFT effective operator basis

For each BSMEFT scenario, only the additional effective operators in the presence of extra
IR DOFs have been discussed. But while performing the complete analysis of these effective
theories, one must not forget to add the SMEFT operators. For the sake of completeness
we have provided the SM Lagrangian in eq. (A.1) and the complete set of dimension
6 operators [34] in tables 30 and 31. To avoid any ambiguity we have also listed the
Standard Model degrees of freedom and their transformation properties under the gauge
group SU(3)c ® SU(2), ® U(1)y in table 29.

4 1 A Apv 1 I Tuv 1 v
£, = — Gy GMY — WL, W — B, B

+i(LY PLY + QY D QY + & I ey + uly Dl + b, 1D )
(P L8 ey H + 1y QY dy H + y2° QY ul H) + hec.
+ (D, H)\(D*H) — m* (H'H) — X\(H" H)*. (A1)

Here, ¥ 4., are Yukawa matrices and p, s are flavour indices, D= v#D,, and the exact form
of D, for a specific field is determined based on its gauge quantum numbers. Also,

Gh, = 0,Gf — 9,G — gsf*PCGEGT,
Wi, = 0,W, —0,W} — g’ KWWk,
B, = 8,B, — 9,B,,. (A.2)

are the field strength tensors corresponding to the SU(3)¢, SU(2)z, and U(1)y gauge groups
respectively with A, B,C =1,--- ,8and I,J, K =1,2,3.

B BSMEFT: a few more popular scenarios

B.1 The operator bases

SM + SU(2) quadruplet scalar (©): the SM can be extended by an SU(2), quadru-
plet scalar (©) with hypercharge 3/2. After the breaking of electroweak symmetry, the
components of the multiplet emerge as electromagnetically charged fields'® and we can
write them as © = (@7, ©T+ 6% OY). Since the quadruplet contains charged scalars
they offer very interesting phenomenology, e.g., neutrino mass generation, lepton number
and flavour violations [80-82, 144-147] in the presence of additional particles which can be
heavy enough to be integrated out. This would lead to an effective Lagrangian described
by the SM DOFs along with the quadruplet scalar. The operators of mass dimensions 5
and 6 involving © have been catalogued in tables 32 and 33 respectively. While writing

13An SU(2) quadruplet has T3 values (+3/2, +1/2, —1/2, —3/2). So, using Q = T3 + Y, we get the
electromagnetic charges (+3, +2, +1, 0) since Y = 3/2.
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Field | SU(3)¢ | SU(2)r | U(1)y | Baryon No. | Lepton No. | Spin
H 1 2 1/2 0 0 0
P 3 2 1/6 1/3 0 1/2
b, 3 1 2/3 1/3 0 1/2
dy, 3 1 -1/3 1/3 0 1/2
53 1 2 ~1/2 0 -1 1/2
el 1 1 -1 0 -1 1/2
G 8 1 0 0 0 1
w/ 1 3 0 0 0 1
B, 1 1 0 0 0 1

Table 29. Standard Model: gauge and global quantum numbers and spins of the fields.

the operators in their covariant forms, we have to be careful with the quadruplet ©. That
is why we have worked with its component form ©;;; with 4, j,k = 1,2 and we identify the
components as G117 = OTTT, 0115 = OFTF, O35 = OF and Ogy = OV, To compute the
higher tensor products of © with the SU(2);, doublets, i.e., L,Q, H and with the triplet
W, we have introduced the 4 x 4 generators of SU(2) and we denote them as 7'(14):

0¥ 00 0 —¥% 00 3000
Y3010 Y3i 0 —i 0 000

Tl = ’ 724 = 734 = ’ (B.1)
w 010 % “w 0i0 —¥3 “ oo Lo
3
00 %20 00 ¥3io0 000 —3

To avoid confusion, for this model we have denoted the 2 x 2 Pauli matrices as 7'(12).

Features of the additional operators:

e At dimension 5, we have a lepton number violating operator O yg.

e At dimension 6, most of the operators possess similar structures as found in the case
of the complex triplet scalar (A).

e This scenario does not offer any baryon and lepton number violation at dimension 6.

SM + lepto-quarks (2, ¢2): we have catalogued the effective operators for two other
cases where the SM is extended by additional Lepto-Quarks. These are similar to the
previous Lepto-Quark scenarios but having different hypercharges, see table 34. The ef-
fective operators of dimensions 5 and 6 containing xo2 have been collected in table 35
and tables 37, 38 respectively. We have listed the same for s as well in table 36 and
tables 39, 40. The operators with distinct hermitian conjugates have been coloured blue.
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Oc | fABCGorGBGor | 04 fABC GarGBr gar

Ow | Ewlrwivwke | 0Oy KWk w v wke
U293 o5, ¢ip?

Ocrr | (Lpeq H) (H' H) On (H'H)°

Ounr | (QuugH)(H'H) | Onp (H'H)O(H' H)

O | (@Q,dyH)(HTH) | Oyp | (H'i'D#H)(H!iD, H)

V2P X V22D
Ov | (Tpoe) T HW], | 0%, | (H'iD, H) (T, Ly)

O | (Lyo" e )HB,, | 0% | (Ht ﬂ(;i H) (L 7! L)
Ouc (@p o T4 uy) ﬁGfu Onep (HT Zﬁi H) (€p7" eq)
Ouw | (@, 0™ ug) ™ AW}, | O | (HYiD, H) (@, Q)
Ous | @0 u) A B, | Oy | (HIDLH) @27 Q)
Ouc | (Q, 0" TAdY HGA, | Opup | (HTiDy H) (7,1 uy)

uv

Oaw | (@0 d)) T HWL, | Oyap | (H'iD, H) (dy1" dy)

OuB (@p folaid dq)HBw, OHudD (HT Z"DM H) (ﬂp ol dq)

Table 30. SMEFT dimension 6 operators. Here, T4 and 7! are SU(3) and SU(2) generators
respectively. A,B,C = 1,2,---,8 and I,J,K = 1,2,3. p,q = 1,2,---, Ny are flavour indices.
Operator naming convention has been adopted from [34].

Features of the additional operators:

e For y2, we obtain a single operator at mass dimension 5 which violates baryon and
lepton numbers, whereas for o we obtain 2 operators at mass dimension 5 and both
of them violate only lepton number.

e We have noted the lepton and baryon number violations, signifying the mixing be-
tween quark and lepton sectors within the W2®2?D, W2®3 and U2®X classes.

e We have also observed the mixing between B,,,, Wiu and Gﬁ,j within the ®2X? class
similar to the case of x1 and .

B.2 Flavour (INy) dependence and B, L, CP violating operators

Based on the ideas discussed in subsection 3.4, we have tabulated the total number of
operators of each class for the additional scenarios discussed in the previous subsections.
We have displayed the results for dimension 5 in table 41 and dimension 6 in table 42. We
have highlighted the number of B, L and C'P violating operators wherever needed.
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H2X2

One (H' H) (G, GA) Ouc (HT H) (Gf, G4
Onw | (HUH)(WLWH) | Opy (HTH) (WL, W)

O (H' H) (B B™) Oui (H' H) (B, B*)
Onwp | (HI7 H) (W[, B™) | Oyip (HT ! H) (W}, B*)

\114

OLL (L Lq) (Lo v Ls) Oce (€5 €) (7" €5)

05 (Qp 71 Qq) (@ 7" Qs) Ouu (Up Yy tq) (W Y us)

0%y | (@1t Q) (@177 Qs) | Oua (dp Y dg) (dy 7* ds)

O(qu)) (zp Yu Lq) (Q,. " Qs) OLe (Zp Yu Lq) (€r 7" €s)

O | (Tprut L) (@71 Qs) | Oru (Lp v Lq) (@ 4 us)

Ocu (€ Yu €q) (Ur " us) OLd (Lpvu Lq) (dr 7" ds)

Ocd (@ Yu €q) (dr v d) Oqe (Qp7u Qq) (€ e5)

Ol (T Yy tg) (dr 7 ) o5, (@1 Qg) (@7 )

O | @ T4 u) (144 | OF) (@9 T Qq) (7 T4 )

O (@Y Qq) (dr " dy) os) (@p 9 TAQy) (v T dy)
OrLeaq (Lpj €q) (dr Q3) O M e [(dg)" Cul (@M O LY
O(Lle)Qu ek (Lpj q) (Qry, s) Oduu P (d)" Cul] [(u))" Ced]
O 0u | 6% (Lpj 0 €q) (@i 7 us) | Ogaq | €7 €ju ek [(Q4Y)T C Q] [(Q)T C L]
Obaoa | €n@pyug) @uds) | Ogqu | € e [(QINT C QP [(u])” Ce]
OS&Qd e (Qp; T4 ug) (@ T dy)

Table 31. Table 30 continued. Here j, k,m,n and «, ,v are the SU(2) and SU(3) indices re-
spectively and p,q,r,s = 1,2,--- , Ny are the flavour indices. Operators in red violate lepton and
baryon numbers.

U292
5(N? + Ny) L, L) Hy, O,

Orbe

Table 32. SM extended by SU(2) Quadruplet Scalar (©): additional operators of dimension 5.
Here ,j,k are the SU(2) indices and p,q = 1,2,--- , Ny are the flavour indices. The operator
violates lepton number.
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Onen (©te)O(H H) ol (©1i'D, 0) (HiDr H)
Offbp | (HIH)[(D*O) (D,0)] | Oy (07 6) (D* H)T (D, H)]
o CUCHICICY 05 (01 ) [(D©)f (D, 0)]
%) (01D, 0)(6'iD"e) o8, | I(Dreyuteime], (D, e
V22D
0%k | (V}) (@i 1" Q5 (01D, 0) | O8hp | (VD) @i 7 1 Q5) (01 DL 6)
Ofp | (N (Turr L) (©1iD,0) | Ofdy | (N} (Tt Li)(©1iDLe)
Owor | (N?) (@ u2) (01D, 0) | Ounp (N2) (dpa v d2) (61§D, ©)
Ocop (N?) (8p7" eq) (OF i%)u 0)
@6
g’ (07 0)* og (0], 0" 6], 0/F") (o1 ©)
oY | (e, emme] emrerl, ek | o)., (et e)? (Ht H)
O | (Ol 0tmel ety win) | of),, (ot e) (A' 6], o/ m)
Ofpes | (PO, 0Me] ommH,) | oy, (ot e) (H' H)?
0% (AP el, oM H) (H H) o9, (A [7 ©,, ©4™ H) H,,)
Omwe (H'H7 H*©,) (H' H) 0% s (H' HI H*©,,) (61 0)
Ofes | (H'HIH'O),) (O], 0"
P2Xx?
Oso B, B* (©10) Ose B,, B*™ (61 ©)
Oge Ga, G (o1 e) Ose G4, G (o1 e)
OWe Wi, wir (et e) o) Wi win (o e)
0% ersi Wi, W (f 75 ©) o2 ersi Wi, W (o 75 ©)
Oswe By, W™ (01 7/, ©) Opive B, W (©f 7}, ©)
\IJQq)S
Obine | (N3 (@i d) H (070) | OFhpe | (N3) Qi dg) 7y H (61 7/, ©)
Obune | (VD) eij (@posug) HI (010) | O5)pe | (N?) €5 (Qpui ug) 7y HI (67 7)) ©)
Ollne (N3) (Lpieq) H' (01 ©) 0o | (N} (Tyicg) iy H (O], ©)
Ocrm?e (N?) (Lpi eq) HI H* ), Oaqm2e (N?) (Qpai ) (HI H" ©,,)

Ouwgmre | (N?) (Qpsug) (HI HFOL,)

Table 33. SM extended by SU(2) Quadruplet Scalar (©): additional operators of dimension 6.
Here 4, j, k,l,m,n and « are the SU(2) and SU(3) indices respectively. Té) and 7(14) are SU(2)
generators in 2 x 2 and 4 x 4 representations respectively. A = 1,2,--- 8 and I,J, K = 1,2,3.
p,q=1,2,---, Ny are the flavour indices.
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Non-SM IR DOF;
on ° SU3)c | SU(2)r | U(l)y | Spin | Baryon No. | Lepton No.
(Lepto-Quarks)
X2 3 2 7/6 | 0 1/3 1
2 3 1 ~1/3 | 0 1/3 1

Table 34. Additional IR DOFs (Lepto-Quarks) as representations of the SM gauge groups along
with their spin, baryon and lepton numbers.

U2 p2

Oatiyy | 5(N? = Ny) €apy ((d3)T C d) (H; x3')

Table 35. SM extended by Lepto-Quark (x2): additional operators of dimension 5. Here i and
a, 3, are the SU(2) and SU(3) indices respectively. p,q = 1,2,---, Ny are the flavour indices.

This operator violates baryon and lepton number.

U2 p2

Oupy | (N2 +Nyp) ((d2)T C'dS) (£} 0h 5)

OLdHps

(N/Q) €ij (81904 Lé) (Hj ©%)

Table 36. SM extended by Lepto Quark (y2): additional operators of dimension 5. Here 4, j and
a, 5 are the SU(2) and SU(3) indices respectively. p,¢ =1,2,---, Ny are the flavour indices. Both
operators violate lepton number.
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P42 b
ol (b x2) D xe) o (xh x2)?
o), O T4 x2) O (b T4 x2) of) (O T4 x2) 0 T4 x2) (b x2)
ol (0 B ux2) 0 D) 0 (b xa)? (B H)
O%p (o Dt xe) (0 B xa) o4 (BT ) (A T4 x0) (HT H)
Onxan (xbx2) O (H' H) O (b x2) (b 7 xe) (HT 7 H)
ojr (4D xe) (BT D ) o) s (xh x2) (HT H)?
OSLQD (H" H) [(D* x2)" (Dyux2)] Og‘)‘xg (X; ' xo) (HY 71 H) (HT H)
O\ (b x2) (D B (D, H))
U2 X
OBLux» (N?) €ij By (Tpa o LE) X5 OGLuxs (N?) €55 G, (o 0 L) T4 x5
Owruxs | (NF)€ij Wi, (Upa o L) 7' x5 OBQex2 (N?) By (Qpa; 0 €q) X5
Ocgexs | (N2 Gl (@pos 0" ) TAXS | Owgexa (N2 WL, (Qpi 0 eq) 71 X5
D2X2
OBy, By B (xb x2) Ofy, By B (xh x2)
e, Gl G (xh xa) os), dapc G, GP (5 T x2)
nga G, G (xh x2) Og}@ dapc G, GP (XL T x2)
Owxa Wi, W (xd xo) iy Wi W (xd xo)
OBcxe By, G4 (X5 T4 x2) Oséxs By, GAmY (0 T4 x2)
OBWw» By W (77 x2) Opiirn, By W (x4 77 x2)
Owexe Wi, GAm (b TA 7T o) O, W1, GAR (3 TA T )
U2p2D
O | V) @i Q) (AiBuxa) | OFhp | (N2 (@i T4 Q1) (65D x2)
O o | (VD) @i ™ 1 Q) 041 Dhxa) | O%hp | (N2 @i T 77 Q) (T4 x2)
0D p | (N @ L) (biDuxe) | 02, (N2) (L 719 L) (b iDL x)
Wo | V) @ u) (4T uxe) | 02, (N2) (e TA 7 u2) (b D 2 x2)
0P n | (V) ([dpar"d) (GiDuxe) | 0P (N2) (dp T3 d2) (xhi D x2)
Ocx>p (N}%) (@ eq) (X% i%)u x2) O(QliHXZD (V,%) (@pai yH Lé) (HJ iD/JXg'j)
Osetixsp | (N}) (dpar e) (H] iDix8) | O5)pop | (V) (Qpui 77 4# L) (HI iDLx57)
Oueriod | (N?) (tipa 7" eq) (] iDx§"

Table 37. SM extended by Lepto-Quark (x2): additional operators of dimension 6. Here i, j
and a are the SU(2) and SU(3) indices respectively. T4 and 7! are SU(3) and SU(2) generators
respectively. A,B,C = 1,2,---,8 and I = 1,2,3. p,q = 1,2,---, Ny are the flavour indices.
Operators in red violate lepton number.
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P2p3
Oire | VD) @i d) H O3 x2) | OSh | (N3 (@ T4 ) HY (3 T4 x2)
Ot | (V) @i d) T H (71 32) | Oy | (VB) @i T ) 7/ H (G TA 1 x)
O | (N i @puiu$) Hj b x2) | Ohis | (N3 €1 (Qpoi T ) Hj (3 T4 x2)
Ot | (N?) €15 (Qpai ug) T H; 0577 x2) | OG0y | (NF) i (@ T u) 7 Hy (X TA 77 x2)
O(Lle)HXQ (N7) (Lyi eq) H; (xh x2) (9(L26)HX2 (N?) (Lyieq) 7" Hi (o x2)
O, | (VD) @puic) X8 (HTH) | Oy, (N2) (Qpas ¢a) ' X5 (H' 71 H)
06, (N3) (@pas €q) X5 (b x2) 05 | (VD) (@i eg) TA 7 x5* (A TA 7 x2)
O | (VD6 W L)X (dhxa) | 0%, | (N3 eij (@pa L) TA 71 X537 (03 T4 7 x2)
O | (ND ey (W L) (HTH) | OB | (NP ey (e L) 7 x5 (HT 71 H)
OLdH (Nf2) (Lpidg) X;aj (H; Hy)
Table 38. Table 37 continued. Operators in red violate lepton number.
P2x2
Ogy, By B (2} ¢2) Op,, By, B (0} 2)
0(01;2 G, GAr (¥} p2) 03;2 dapc Gi, GBr (DL TC 2)
8;2 Gl G (oh o) 02;2 dapc Gib, GBI (L TC )
Ow, Wi, wi (0} 2) O, Wi, wim (¥} ¢2)
OBGys By G4 (9} T4 ) Opép, By G (o5 T4 49)
U2p2D
0b)p (N2) (@i 7 Q%) (1D 4 02) ODp | (VD) (@poi TA7 Q) (0} D 2 )
Ore,p (N2) (Tpiy Li) (D 4 02) o\ p (N2) (g v u2) (i D 1 02)
oY) » (N?) (@ TA 7 u2) (9} D 2 ) oW » (N?) [y d2) (951D, 02)
Do | (VD) @Gy TAd2) (0hiDhgs) | Oupp (N2) (27" ¢q) (2D 1 2)
Ogettgsp | (N3 €ij (Q5)T C o eq) (¢h o iDuHY) | Oarigyp | (N3) ey (LT Oy d2) (9}, iD, HY)
Orutigsp | (N) (L)) Cyug) (o o iDL HT) | Ogrg,p | (N?) apy (L7 Q5 (95 iDyup))
OQatrgsp | (N?) e (Q)T Cy# d2) (H] iDup3) | Oquirgsd | (N?) easy (Q4) Co*uf) (H] iD,))
Odey (N?) €apy (87" d3) (5 D)

Table 39. SM extended by Lepto Quark (ps): additional operators of dimension 6. Here i, j
and a, 3,7 are the SU(2) and SU(3) indices respectively. T4 are the SU(3) generators. A, B,C =
1,2,---,8and I =1,2,3. p,g=1,2,---
and baryon numbers.

, N are the flavour indices. Operators in red violate lepton
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Pip2 P6

Ol (¢l w2) O (el 2) Oy, (o} p2)?

oL (Do) (6} D 2) Opzg (¢h2)? (HT H)

Olityp (¢h2) (O B)! (D, 1) Oty (9} @) (HT H)?

ngogp (H'H) [(D” )1 (D, 992)]

23

O(Q](;Hw (N%) (Qpai dg) H' (993 ) 0(023111@2 (N,%) (Qpai T4 dg) H' (S"; T4 @)
O (N2) i (Qpas 43) H7 (ko) 05k (N2) €15 (@i TA ug) HI (9} T4 00)
OLite, (N?) (Zpieq) H' (0} 2) Ogre, (N?) €35 (Q3 Lf) @b o (0} 02)

Oues (N3) (u9)" C eq) ), o (¢} 02) Ouctis (N3) ((ug)T Ceg) b, (H H)
09} e (N?) e (Q¢)" C L) b, (HT H) Ot | (N e (Q)T O L) b, (HT 7' H)
Oud (N3) €apy (ug)T C'd3) @3 (16} 02) Oqpy | S(N?+ Np)eapy € (Q5)T C Q) 63 () 02)
Oudtig (N?) €apy ()T Cd2) o3 (H'H) 00t (N2) €apy i (QS)T C Q) 3 (HT H)

U2 X

OBQLp; (N7 €ij By ((Q5)T C o L) 99;0 OwQLes (N?) ei; WL, (Qg)T C ot 71 L) o
Ocqre, (N?) e G, (QEHT C o L) TA g}, OBueps (N3) Buy (u3)” C 0t eq) b
OGueg (N?) G, ((ug)T C ot eq) TA b, OBQes | 3(NF — Ny) eapy €ij Buw (Q")" C ot Q) 3
Owaga | 5(INF + Np) €apy € Wh, (Q)T Com T QI GY | Ofhapy | (VD) €apy G, ((ug)T C o [TA)] d3) o)
OBudgs (NF) €asy B ((uf)" C o dff) 03 O tps (N3) €apy Git, (ug)T C ot df) [T4]] 8
Ocap | (N?)eapy ey G, (QS)T C o QF) TA )

Table 40. Table 39 continued. Operators in red violate lepton and baryon numbers.

Numb fO t N
BSM Field | Operator Class umber of Operators as f(Ny)

Total Number | B, L Violating Operators
S V22 N7 + Ny N7 + Ny
X2 U292 N7 — Ny N7 — N¢
©2 V292 3N7 + Ny 3N7 + Ny

Table 41. Number of additional operators of different classes at dimension 5 with Ny fermion
flavours, for the models containing s and @s.
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Number of Operat N
BSM Field | Operator Class umber of Operators as f(Ny)
Total Number (CPV Bosonic Ops.) | B, L Violating Ops.
P0 16 0
@4])2 8 0
° erx 10 (5) 0
292D N 0
V23 18N? 0
iy 7 0
D2 8 0
X2 P2 X? 14 (7) 0
V292D 19N? 8N?
253 9 ,
v e 38N? 18N?
VIeX 12N? 12N?
g 0
<I)4D2 0
2 P2X* 10 (5) 0
292D 14N]% 8NJ%
U2p3 27NJ% + Nf 7N? + Ny
LD 20N? 10N?

Table 42. Number of additional operators of different classes at dimension 6 with Ny fermion
flavours, for models containing ©, xs and ¢o. The numbers in parentheses denote the counting for
CP violating purely bosonic operators.
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