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In this article, we consider the standard model extended by a number of (light) right-handed neutrinos,
and assume the presence of some heavy physics that cannot be directly produced, but can be probed by its
low-energy effective interactions. Within this scenario, we obtain all the gauge-invariant dimension-7
effective operators, and determine whether each of the operators can be generated at tree level by the heavy
physics, or whether it is necessarily loop generated. We then use the tree-generated operators, including
those containing right-handed neutrinos, to put limits on the scale of new physics A using low-energy
measurements. We also study the production of same-sign dileptons at the Large Hadron Collider and
determine the constraints on the heavy physics that can be derived from existing data, as well as the reach in

probing A expected from future runs of this collider.
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I. INTRODUCTION

The standard model (SM) is generally believed to be the
low-energy limit of a more fundamental theory; however,
the presence of new physics (NP) has eluded almost all
experiments to date, the notable exceptions being the
observation of neutrino masses [1] and the very strong
evidence that dark matter [2] is composed of particle(s) not
present in the SM. Because of this paucity of experimental
guidance on even the most basic properties of NP, it is
reasonable to study the effects of hypothesized heavy
particles using a model-independent approach based on
an effective theory. Using this approach, one can derive
reliable bounds (or estimates) of some of the most
important parameters of physics beyond the SM (such as
its scale) and map such constraints onto specific models of
NP. The procedure for constructing an effective Lagrangian
is well known [3-5], and though some important details
depend on whether the NP is assumed to be strongly [5] or
weakly [6] coupled, in either case the formalism provides
an efficient and consistent parametrization of all heavy-
physics effects at scales below that of the NP.

The recent observation of the Higgs boson with a mass
below the electroweak scale strongly suggests that the
electroweak sector of the SM is weakly coupled. This also
supports the assumption that any NP underlying the SM is
also weakly coupled and, since the SM Lagrangian is
renormalizable [7], decoupling [8]. We will adopt these
assumptions in this paper, but they are certainly not
inescapable: the observed Higgs particle may not be exactly
the particle predicted by the SM (e.g. the scalar sector
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might contain other fields) [9], and it is possible to
construct models of strongly coupled new physics that
are consistent with a weakly coupled SM [10].

The action for the effective theory, S, results from
integrating out all heavy modes in the full theory. By
construction, S will contain only SM fields, and by
consistency will respect all the SM local symmetries [11]; it
will also depend on the parameters of the NP and, in
particular, on the typical heavy-physics scale A. Expanding
in powers of A, we can write S, as the integral of a local
effective Lagrangian; the decoupling assumption guaran-
tees that terms with positive powers of A are absorbed in
renormalization of the low-energy theory (in this case, the
SM), so that all observable NP effects are suppressed by
inverse powers of A. Thus, we can write

c

Legg = Lom + Z A

i,n>5

)

;O (1)

where the (’)5") are gauge-invariant local operators with
mass dimension n constructed using SM fields and their

derivatives, and the an) are unknown coefficients.' It is
important to note that, though it is not indicated in the
above expressions, different operators may be generated by
NP of different scales (in the above notation, A can depend
on the index 7), but we will not indicate this explicitly so as
not to clutter the expressions. Although the effective
Lagrangian in Eq. (1) formally contains an infinite number

'If the NP Lagrangian were known, these coefficients could be
calculated; absent this, we take them as unknown quantities
parametrizing the physics beyond the SM, and which can be
experimentally measured or constrained.
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of coefficients, only operators of sufficiently small dimen-
sion, corresponding to a finite number of terms, can generate
effects large enough to be measured within experimental
accuracy. Hence, the effective Lagrangian approach does not
suffer from lack of predictability, and is useful when the
nature of the NP is not known very well, as in the present
situation in particle physics.

There are publications providing complete lists of oper-
ators of dimensions n = 5, 6, 7 [12—15] and partial lists of
operators with 8 < n < 11 [16]; using these results, very
many studies have been published (see, e.g. Refs. [17,18])
that obtain limits on A using a variety of processes.

As mentioned above, one type of new physics that has
been confirmed is the existence of neutrino masses, yet the
mechanism responsible for them is not determined. One
popular possibility is that these masses are of the Majorana
type [19], assumed to be generated by lepton-number-
violating NP? without requiring additional light degrees of
freedom. An alternative possibility is for the lepton sector
to mimic the quark sector as far as mass generation is
concerned; in this case, it is assumed that there are three
right-handed light neutrinos v that pair up with their left-
handed counterparts and generate Dirac masses in the usual
manner.

Both cases can be studied simultaneously by including
the vk in the set of SM fields that are used to construct the
effective Lagrangian; we will denote this model by vSM.
We emphasize that these right-handed neutrinos are
assumed to be light—the effects of heavy right-handed
neutrinos are included through the appropriate effective
operators.

The list of effective operators for the vSM extension of the
SM are available for dimensions 5 and 6 [20,21]. Despite
the increased suppression by powers of A, dimension-7
operators remain relevant because of their contributions to
interesting processes, such as neutrinoless double-beta
decay [22], so that a complete list of dimension-7 operators
for the vSM will be useful in this context. The goal of this
publication is to provide such a list and to analyze some of
the observables sensitive to the corresponding types of NP.

When the physics underlying the SM is weakly coupled,
it is useful to note that, in addition to the suppression in
powers of A, the effective operator coefficients will be
further reduced when the corresponding operator is not
generated at tree level. It is an interesting property of
renormalizable NP models that there are effective operators
that are never generated at tree level [23]; we will call these
loop-generated (LG) operators. The remaining operators
may or may not be generated at tree level, depending on
the details of the NP; we refer to these as potentially

“Specifically, at low energies, the heavy physics is assumed to
generate the dimension-5 Weinberg operator (¢7#)? [12] that
produces the desired mass matrix upon spontaneous symmetry
breaking.
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tree-generated (PTG) operators. This separation is of
interest because the effects of LG operators are almost
always too small to be of interest, being smaller than the
one-loop SM corrections; exceptions do occur in cases
where there is no SM contribution at tree level (e.g. in
Higgs production via gluon fusion or the two-photon and
Z-photon decay modes [24]). Because of this, processes to
which PTG operators contribute are generally the ones
most sensitive to the effects of heavy physics [23].

In practical applications of the effective theory approach,
it is useful to note that the effects of some operators cannot
be distinguished using only low-energy observables [6],
and that this allows dropping some of the terms in Eq. (1).
Specifically, if two operators O, 0 are such that the linear
combination O + r(0' is zero on shell, and they appear in
the effective Lagrangian in the combination cO + 'O,
then all observables will depend on ¢ and ¢’ only through
the combination ¢’ — rc. In this sense, the effects of O and
(@' cannot be distinguished, and either of them can be
eliminated from L. (For details, see Refs. [6,14]; this
result is often referred to as the “equivalence theorem” [6].)
Once redundant operators are eliminated through this
procedure, the remaining ones constitute an irreducible
basis. In choosing a basis, it is usually more useful to select
the ones with the largest number of PTG operators (for a
full discussion, see Ref. [25]).

I1. ¥SM DIMENSION-SEVEN OPERATORS

In this section, we provide a complete list of dimension-7
effective operators within the #SM. This list was obtained
in a straightforward though tedious way, beginning from a
general combination of fields and ensuring Lorentz and
gauge invariance; the equations of motion were then used to
eliminate redundant operators by applying the equivalence
theorem [6,25]. For each of the operators listed, we will
also indicate whether they are LG or PTG (as noted above,
this is a relevant classification for the case where the
underlying physics is weakly coupled, decoupling and
renormalizable); in Appendix A, we present the arguments
we used to obtain this classification.

In the expressions below, ¢ denotes the SM scalar
isodoublet; £ a left-handed lepton isodoublet; ¢ a left-
handed quark doublet; e and v right-handed charged and
neutral leptons, respectively (we drop the subindex R to
simplify the notation); and u and d right-handed up- and
down-type quarks, respectively; we will for the most part
suppress generation indices. We use D for the covariant
derivatives and denote the SU(3).,SU(2), and U(1),
gauge fields by G, W and B, respectively. We will also
use the shorthand

N=¢'et. E=¢it (2)

motivated by the fact that in the unitary gauge N =
(v/\/i)uL +...,and E = (v/\/i)eL + ---; we also use
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S

where 7, is the usual Pauli matrix and v ~ 246 GeV, the
vacuum expectation value of the SM scalar doublet.

It is straightforward to show that in the #SM there are no
dimension-7 operators without fermions; the operators
containing two and four fermions are listed below.

A. Operators with two fermions
These operators are of the form®

w! CTy' ¢’ D*, r+s=4,r.s>0, (4)

where ¢ denotes ¢ or g) = e¢p*; w ais fermion in the vSM,
wE€{q,udt ev,qu,d ¢ e, 1% ()

C is the Dirac charge conjugation matrix; the charge con-
jugate fields are defined as w=Cy’; and I'={1,y*,6"},
where o = £[y#,y*]. All these operators conserve baryon
number but violate lepton number by two units: |AL| = 2,
AB = 0. (For an interesting discussion on operators with
|A(B = L)| =2, neutrino masses and grand unification,
see Ref. [26].)
(1) r=4, s =0. Two PTG operators:

(NN)|gl?. voulgpf*. (6)

(2) r=3, s = 1. Four PTG operators:

(V°7"N) (i D),

(Y N) (04l ). ()

(7" N)(¢' D,h),

(0°7“E)($' D),

where ¢"D,p = ¢' D, — (D) .
(3) r =5 = 2. Nine PTG operators:

(€D, £)($'D'¢),  N(D,b'D"2),
(¢°Dg)(¢eDp),  [N0"(§'W,,0)],
(D) (' D). (v)|DgP.
(o e) (@' Wud).,  (NGN)B,,.

[p* (v " v)B,,, (8)

_ Iwl
where W, ='W,

*Field-strength tensors correspond to [D, D] commutators
contained in terms with s = 2 in Eq. (4).
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TABLE 1. Field combinations that can contribute to the
operators [Eq. (11)] containing four fermions, one derivative
and no scalar fields.

L, L, Ly R AL AB
1 d° d°¢ d°¢ e 1 -1
2 d° 4 4 u 2 0
3 d¢ 4 d¢ q° 1 -1
4 q d°¢ 4 v 2 0
5 q 4 d° v 2 0
6 d° 4 q v 2 0
7 4 e 4 v 2 0
8 q uc Ve ¢ -2 0
9 q Ve uc e -2 0
10 uc Ve q A -2 0
11 u‘ v° e d -2 0
12 u‘ e v d -2 0
13 Ve e uc d -2 0
14 u¢ d° d¢ v 1 -1
15 q Ve q d -1 1
16 q Ve Ve q°¢ -2 0
17 u v v u -2 0
18 d¢ e v d -2 0
19 4 v v A -2 0
20 e e e e -2 0
21 7 e v v -2 0

4) r=1, s = 3. Eight LG operators:

V(¢ D E)B,,.
V(@' W,,DHE),

V(¢ D E)B,,.

(
() (p'W,,0).
(
( Sr(TW,DE),  (9)

Y —1 po
where X, = 5€,,,,X”’ denote the dual tensors.

5) r=0, s =4. Six LG operators:
v x {(Gp)2 (Wh)% (Bw). (GG,
(WiuWi). (BuByu)}. (10)

B. Operators with four fermions

These operators are of the form y*D (operators with four
fermions and one covariant derivative) or y*¢ (operators
with four fermions and one scalar); they all violate |B — L|
by two units with |[AB| =0, 1.

(1) w*D: 21 LG operators. Using Fierz rearrangements,

these can be cast in either of two forms:

(LIU”DLZ)(L?J,UD”R)’ (LIGMDLZ)D/J(LTv},DR)’

(11)

where L and R denote left- and right-handed fermion
fields, respectively. The allowed field combinations
are listed in Table I.
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TABLE II. Possible field combinations appearing in the four
fermion operators containing one scalar and no derivatives
[Eqg. (12)]. The entries with one (two) asterisks have two (three)
possible SU(2) contractions (assuming only family-diagonal
couplings; see text).

O = (L{CL,)(LiCL4)p

L L, L, L, AL AB ¢
1 4 4 4 e 2 0 ¢
2 q & Y ¢ 2 0 ¢
3* q ¢ ¢ & 2 0 b
4 u o dede ¢ 1 1 ¢
5 d° d° d° 1 -1 p
6 u‘ 4 d¢ d¢ 1 -1 ¢
7 q u¢ vf e* -2 0 )
8 q e’ v° u¢ -2 0 ¢
9* q q q v° -1 1 P
10 q uc Ve Ve -2 0 ¢
11 q d° Ve Ve -2 0 ¢
12 q Ve vf uc -2 0 ¢
13 q Ve Ve d° -2 0 )
14 ‘ e £ v° -2 0 P
15 ¢ Ve Ve e’ -2 0 )
16 ¢ e Ve -2 0 o
O = (L{CLy)(R{CRy)p

L L, R R, AL AB ¢
1 d° 4 u e 2 0 ¢
2 ¢ £ g U 2 0 ¢
3* g g d - 1 #
4 q e d d -1 1 s
5 q d° v e 2 0 ¢
6 u 4 u v 2 0 ¢
7 d° 3 u v 2 0 s
8 d¢ 4 d v 2 0 ¢
9 4 e v e 2 0 ¢
10* q 4 q°¢ v 2 0 ¢
11 ¢ 4 te v 2 0 ¢
12 q v° u d -1 1 s
13 g v d d 1 1 ¢
14 q uc v v 2 0 ¢
15 q d° v v 2 0 s
16 1 e v v 2 0 s
17 4 Ve v v 2 0 ¢

(2) w*¢: 33 PTG operators. Using Fierz transforma-
tions, one can readily see that these take one of the
following two forms:
(LICL,)(LICL)g.  (LICLy)(RICR)p,  (12)

where ¢ = ¢, ¢¢. The allowed field combinations

are listed in Table II.
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The list of operators provided here does not include
family labels to avoid notational clutter. In certain cases,
however, the operators vanish when some of the fields are
in the same family. For example, it is easy to see that
£°C¢ = 0 when both lepton isodoublets are in the same
family, so any operators with this factor will not have
family-diagonal contributions and should in principle be
written as £{C¢;, where i, j = 1,2, 3(i # j) denote family
indices. The contraction of the SU(3) color indices is
unambiguous in the above operators, since it can take only
two forms: either {Q¢Q}}5,, or {QS0, 0N }e, g, With
0, Q', Q" denoting generic quark fields and r, s, u color
indices.

III. PTG OPERATORS THAT DO NOT CONTAIN
RIGHT-HANDED NEUTRINO FIELDS

We will consider separately operators that contain right-
handed neutrinos in Sec. V below; here we will discuss the
leading effects of dimension-7 operators containing only
SM fields and which can be generated at tree level. There
are 20 such operators:

= (¢°eD'¢)(¢eDyp). Oy = (eV"N)(peD,gp),
= (¢°eD,£)(¢peD p)., Oy = N°(D,peD*?),
= (N¢)e(et).  Og = (N°N)|I*,
= [N°0"(¢peW,,0)]. Oy = (N0"N)B,,.
= (dq)e(N°¢ ) Oy = [(¢°p)et)(d?),
011 = (N“q)e(d?), Oy = (¢“eq)(dN),
Oy3 = (dN)(u" Ce), Oy = (N°6)(qu),
Oy5 = (ad°)(dN), O16 = [4°(¢"q)le(d),
O = (¢°eq)(Nd), Oy = (dd°)(dE),
Oy = (e¢'q)(d°d), Oy = (aN)(dd"). (13)

This list coincides with the one previously presented in the
literature [15].

Using the results of Appendix A, it is a straightforward
exercise to determine the types of new physics that can
generate those operators at tree level.

A. Constraints on PTG operators without
right-handed neutrinos

There are a variety of existing data that can be used to
constrain the scale of new physics responsible for the
operators being considered here. In this section, we provide
limits for the PTG operators listed in Eq. (13); in obtaining
the numbers below, we assumed no deviations from the SM
and took 3¢ intervals. Though there are processes that can
receive contributions from more than one operator, we will
provide limits for the most conservative case where there
are no interference effects or cancellations (if this is
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relaxed, the restrictions can be much weaker); we also
assume that the gauge bosons are universally coupled (so
they always appear multiplied by the corresponding gauge

coupling). All limits below are on A = A/f'/3 and translate
into limits on the new physics scale with the additional
naturality assumption f ~ 1 (for weakly coupled heavy
physics). We also provide separately the limits derived from
neutrinoless double-beta decay experiments (for a recent
review, see Ref. [27]) to illustrate the importance of this
high-precision measurement. _
(1) There are no published limits on A for O; from
collider or gauge-boson decay data. This operator,
however, contributes to neutrinoless double-beta

decay [28] that gives the limit A > 7.5 TeV.

(2) The strictest limits on A for 0,345 from gauge
boson decays [29] are O,: 400 GeV (W — £v); Os:
35 GeV (W — ¢v); O4: 92 GeV (Z — w); and Os:
182 GeV (ee — wv), assuming the same error as in
the invisible decay width of the Z. The best limits on
O, 3 4 are derived from their contribution to neutrino-
less double-beta decay: O,: 106 TeV; O3 4: 7.5 TeV.

(3) The strictest limits on A for Og from neutrino mass
constraints is 770 TeV [29]. The limit from neutrino-

less double-beta decay is significantly stronger: A >
2,200 TeV. _

(4) The strictest limits on A for O; g are obtained from
limits on red-giant cooling [30] generated by plas-
mon decay y — vy, which is mediated by these
operators. Using the results in Ref. [20], we find
0;:33 TeV; and Og:47 TeV. The neutrinoless
double-beta decay on O; is weaker: A > 7.5 TeV.

(5) The limit on A for Oy 011.12.13.14 obtained from
7 — ev decay is 2.1 TeV [29]. The limit derived
from  neutrinoless  double-beta  decay is
stronger: A > 137 TeV. _

(6) The strictest constraint on A for the baryon-number-
violating operators 0,5 6 17 is obtained from the limit
on n — v decay and given as 1.9 x 108 TeV [29].

(7) The strictest limits on A for the baryon-number-
violating operators (g 19, are obtained from neu-
tron decay: Ojg9: 9.6 x 10" TeV(n — eK); and
Oy 1.5 x 10® TeV(n — vKY) [29].

It is worth noting that any such new physics that
generates the operators ;3,4 at tree level necessarily
generates the dimension-5 operator O©) = N°N also at
tree level [28], and the limits on A derived from the latter
are much stronger: 10! TeV [assuming O(1) couplings].

As can be seen from the above results, the PTG operators
in Eq. (13) without right-handed neutrinos but containing
quarks are highly constrained from various precision mea-
surements and astrophysical observations. These results rely
heavily on the assumption that there are no interference
effects among the various operator contributions—when
these are present, the above limits can be significantly

PHYSICAL REVIEW D 94, 055022 (2016)

degraded. (Such cancellations may result from some
unknown symmetry and are not necessarily from fine-
tuning.) Because of this, probing the individual operator
effects (see the following section for an example) is of
importance in mapping potential NP contributions, even
though this usually provides weaker limits.

B. Neutrino Majorana masses

The PTG operators O;_j4 in Eq. (13) generate neutrino
Majorana masses through radiative corrections [28], which
have the generic form m,_y,; ~ v*/(162%A), multiplied in
some cases by a SM Yukawa coupling. A detailed phe-
nomenological investigation of the consequences of these
effects is best done within the context of specific models,
since correlations between effective operator contributions
can be important (see e.g. Ref. [31]); for example, the
operator coefficients for O ;46 ¢ may contain Yukawa
couplings that mix heavy and light fermions, whose impact
cannot be gauged within this effective approach. We will
then restrict ourselves to displaying the generic expressions
obtained using straightforward estimates:

Operator(s) My, ppajestimate

O1346-8 v?/(167>A)

O35 vm, /(167> A) , (14)
Og_12 Umd/(16”2A>

Oy vm,/(167*A)

where m, 4, denote the masses of light charged leptons,
down quarks and up quarks, respectively; O3 contributes
only at two loops, and Ois_5), being baryon-number
violating, generate contributions only through graphs
quadratic in the effective operators.

A measure of care should be exerted in obtaining the
contributions from ;346 5: for example, after sponta-
neous symmetry breaking and in unitary gauge,

01 3 [(OH)? = m3 22|05, (15)

which generates two contributions to 71,.y,;j, one from a
Higgs (H) loop and another a Z. Each loop gives A/(167?)
to leading order, but they cancel, leaving only the subleading
contribution listed above. This cancellation is not accidental:
an examination of the operators shows that, absent the
spontaneous breaking of the SM gauge symmetry, they do
not generate one-loop contributions to 11, _y,;-

For m,_y,; ~ 0.1 €V, we obtain from Eq. (14) A ~8 x
10°—4 x 10° TeV depending on the operator used, and
assuming all operator coefficients are O(1).

IV. EXAMPLE OF AN LHC EFFECT

Consider the PTG operators O = (£°eD*¢)(£eD )
and O; = (¢°eD,¢)(¢peD*¢) from Eq. (13). It is easy to
see that, in unitary gauge, they both contain the same
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lepton-number-violating vertex involving two W gauge
bosons and two left-handed charged leptons:

(¢°eD,¢)(peD ),
(¢°eD!)(¢eD ) D m3y (1 + %>2W+2(eZCeL). (16)

[No other operator in Eq. (13) contains this vertex.] Despite
their both containing the vertex in Eq. (16), O 5 are generated
at tree level by different types of heavy physics (see
Appendix A); this will be of use in understanding the types
of NP that can be probed through Eq. (16); see Sec. IV E.
Below, we will consider the effects of the right-hand side
in Eq. (16) in the production of same-sign dileptons at the
LHC, and determine the constraints on the scale of new
physics A that can be derived from existing data. It should
be noted that O, 5 also contain other lepton-number-violat-
ing vertices in addition to the one in Eq. (16): O; D
Wve, WZve, WAve, WWuv and Oz D ZZwv, WZve, plus
others involving the Higgs field; these will contribute to a
variety of other reactions from which independent con-
straints on A can be derived. Note, however, that such
vertices involve one or more neutrinos and/or Higgs fields,
and because of this, the corresponding constraints will be
weaker. It is for this reason that we concentrate on the term
containing two charged leptons; the constraints on A using
this term of course apply to all the vertices contained in O 5.
In the following, we will define

Opr = 101 + [30; (17)

and consider separately the same-sign dilepton signal
associated with two jets and the hadronically quiet trilepton
events at the Large Hadron Collider (LHC) generated by
this operator.

A. Same-sign dilepton signal at the LHC

O, in Eq. (17) will produce a dilepton signal pp —
¢¢jj at LHC; where £ = e, u have the same sign, and the j
denote light-quark jets (after tagging efficiencies are
included, the number of z-lepton events is too small to
be of interest). In Fig. 1, we show the dominant Feynman
diagrams that contribute to the £7jj final state generated by
this operator; these can be separated into s-channel reac-
tions and #-channel reactions; we will see that the latter
dominate over the former. In the s-channel contributions
(diagrams a, d in the figure), one W in the vertex Eq. (16)
couples to the quarks in the colliding protons, while the
other couples to the light jets in the final state; in the #-
channel processes (diagrams b, c, e, f) each W couples to
an incoming and an outgoing quark.

As O, is of dimension 7, its coefficient contains a A3
suppression factor that will prevent probing new physics
above the TeV region, as we will shortly demonstrate. Even
with this limitation, we will argue that the constraints
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FIG. 1. Leading Feynman diagrams that contribute to pp —
¢¢jj at the LHC; the eeWW vertex [Eq. (16)] is generated by
Oy, in Eq. (17).

obtained are of interest. In the following, we will assume
the effective operator coefficients are O(1); if this is not the

case, the limits obtained apply to the scale A introduced in
Sec. IITA.

We note here that such a lepton-number-violating signal
(eeuc_l, ecedd,ceid,ee dd) cannot be exclusively pro-
duced by SM, which conserves lepton number. Since the
amplitude contains 1/A3 from O,,, the signal cross section
will be proportional to 1/AS, so that

signal AN\© signal
AW = () W as)

Thus, we can compute the cross section at a convenient
value of A and use this scaling property to obtain 6,,;; for
any other scale. In the following, we evaluate first 6,.;; for
A =100 GeV at the LHC for 14 TeV and 8 TeV CM
energies (see Table IIT). We obtained these results using the
Calchep 3.6.14 [32] event generator to calculate the
hard cross sections, and we chose the CTEQG6L parton
distribution function [33] with the invariant mass of the two
incoming quarks as the renormalization and factorization
scales. There is a variation of up to ~15% in the cross section
when the parton distribution function and the renormaliza-
tion and factorization scales are varied, which can presum-
ably be addressed by a next-to-leading-order calculation;
this effort, however, lies beyond the scope of this inves-
tigation. We also imposed the following basic cuts:

Cl: prij) > 15 GeV, Ins| < 2.5, (19)

where pr (. ;) denotes the lepton and jet transverse momenta,
and 77, denotes the lepton pseudorapidity. It is worth noting
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TABLE III. Total cross section for £7jj production, and of
the leading contributing subprocesses at the LHC with Eqcy = 14
and 8 TeV generated by the operator O,,. The last column indicates
the effects of the cuts in Eq. (19). We use A = 100 GeV (see text).

Ecy = 14 TeV
Process Leading subprocesses o (pb) o after C; (pb)
dd — eeuu 0.142 0.118
. id > eedu 0.039 0.038
pp—eeqq sd — eeuc 0.024 0.020
dd — eeuc 0.015 0.014
Total® 0.253 0.215
uu — eedd 0.942 0.784
oz ud — eéedi 0.121 0.100
pp—eedq uu — eds 0.097 0.082
us —» eedc 0.064 0.052
Total 1.300 1.080
pp—¢€qq Sum of all contributions  3.106 2.590
for =e, u
Ecy = 8 TeV
Process Subprocesses o (pb) o after C; (pb)
dd — eeuu 0.016 0.012
S e id — eedu 0.004 0.003
pp = ¢eqq ds — eeuc 0.002 0.002
dd — eeuc 0.002 0.001
Total 0.028 0.021
uu — eedd 0.102 0.084
s ud — eedn 0.013 0.010
pp—eeqq uu — 2 ds 0.010 0.009
us —» eedc 0.006 0.005
Total 0.140 0.115
pp — ¢€€qq Sum of all contributions 0.336 0.273
for =e,p

*Totals refer to the sum of all contributions, not only the
leading ones.

that there will be a difference in the production cross sections
for positively and negatively charged same-sign dileptons,
which is due to the difference in the u- and d-parton
distributions in the proton; there would be no such difference
in a pp machine.

All calculations were made in the unitary gauge (again
we emphasize that the choice of A = 100 GeV is made for
calculational ease, and not with the assumption that there is
new physics lurking at 0.1 TeV); the 1/A® behavior of 5, i
as A changes is presented in Fig. 2. For example, we see
that for A =500 GeV, o6,.;; = 0.165 b at 14 TeV CM
energy [after the cuts C1 in Eq. (19) are imposed]. This
corresponds to 16 events for an integrated luminosity of
100 fb~! (consistent with the expectations for “run 2" at the
LHC [34,35]); this would increase to 497 events for the
proposed high-luminosity upgrade [36] with a projected
integrated luminosity of 3000 fb~!. For 7 and 8 TeV CM

PHYSICAL REVIEW D 94, 055022 (2016)

energies and A = 500 GeV, the cross section drops to
0.011 fb and 0.017 fb, respectively, and has no observable
effects.

The discovery limit, however, depends on the SM
background estimate for the £7jj signal, which we discuss
below. We will use these results to obtain the current limits
on A derived from the 8 TeV LHC data, and to derive the
expected sensitivity that will be reached when the CM
energy is increased to 14 TeV.

1. SM background for same-sign dilepton
signal at the LHC

The most significant background contribution to our
process is generated by SM f7 production, with marginal
contributions from ##W, tfZ and diboson production. For
the ¢ background calculation, we take my,, = 173.34 GeV
[37] and use the Pythia 6.4 [38] event generator at tree
level, which we multiply the by the appropriate K factor” to
obtain the NLO + NLL cross section at the LHC [39-41].
This K factor is very significant—for example, the Pythia
tf production cross section is 386.8 pb at 14 TeV, while the
NNLO prediction is between 805 and 898 pb (incorporating
the jet energy scale and parton distribution function uncer-
tainties); we use the average value of 851.5 pb that gives a
K = 2.2 factor. For Ecy; = 8 TeV, the Pythia prediction
is 94 pb, while the measured value [40] in the dilepton and
lepton + jet channels is 161.9 pb (there are variations in this
number depending on the channel used), so that we use
K = 1.7 in this case.

In our analysis, we try to mimic the experimental
reconstruction for leptons and jets within Pythia by
imposing the following requirements:

(1) Leptons (¢) are identified as electrons and muons

with transverse momentum p; > 10 GeV and rap-
idity |n| < 2.5. Two leptons with pseudorapidities 7
andn + Az, and azimuthal angles ¢ and ¢ + A¢p, will

be considered isolated if AR = +/(An)* + (A¢)? >
0.2. Alepton and a jet will be isolated if AR > 0.4 and
if the AR < 0.2 cone contains less than 10 GeV of
transverse energy from low-E; hadron activity.

(2) Jets (j) are formed with all the final-state particles
after removing the isolated leptons from the list with
PYCELL, a built-in cluster routine within Pythia.
The detector is assumed to span the pseudorapidity
range |77| < 5 and to be segmented in 100-7 and 64-¢
bins. The minimum transverse energy E; of each
cell is taken as 0.5 GeV, while we require E; >
2 GeV for a cell to act as a jet initiator. All the
partons within AR = 0.4 from the jet initiator cell
are included in the formation of the jet, and we

*The K factor is used to correct the tree-level cross sections
used by Pythia so they match the NLO 4 NLL predictions or
the experimental data; these (mostly QCD) corrections can be
significant, as in the case in #7 production of interest here.
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FIG. 2. Production cross section for two same-sign leptons and two jets (£Zj) as a function of A (GeV) at LHC with E¢y; = 14 TeV

(left) and 7,8 TeV (right) in green and blue, respectively.

require E > 20 GeV for a cell group to be consid-
ered a jet.
We now define the invariant lepton mass M,, and the
transverse event mass Hr by

M%’f = 2|pq||p2|(1 = cos H),

He=S"lpil. (20)
Z.j

where 6 is the relative angle of the lepton momenta p; and
p,2, and we neglect the lepton masses; p; denotes the
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FIG. 3.

corresponding momenta perpendicular to the beam. The
M, and Hy distributions are plotted in Fig. 3 for the signal
subprocesses ¢ ¢ jj (lilac) and eejj (green). We see that the
signal distribution from ee jj peaks at values M/, ~
1-2 TeV (this property is independent of A), while the
SM background is already much suppressed at M, =
2 TeV (see Fig. 5). Also from Fig. 3, we find that the
corresponding Hp distribution for signal events peaks at
500-1000 GeV, while the background is already negligible
at 1 TeV (see Fig. 0).
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Distributions of the invariant mass of leptons M., (top) and transverse mass Hy (bottom), for the £7jj signal events at LHC

with E.,, = 14 TeV (left) and E_,, = 8 TeV (right). We took A = 100 GeV [see text and Eq. (18)]. Subprocesses e e jj (red dots and
lilac histograms) and eejj (blue crosses and green histograms) are shown separately.
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TABLE IV. Dominant SM background cross section from 7
production (in pb) for same-sign dilepton events at E., =
14,8 TeV including muons, antimuons, electrons or positrons.
The fourth (last) column cross sections are obtained by requiring
E; = 0(E; <15 GeV); see text. The cross sections are obtained
after multiplying by the appropriate K factor: 2.20 for 14 TeV and
1.7 for 8 TeV.

tt Production at LHC 5({};) G(Kfé)jj 5({% 0 0%} s
Ecy = 14 TeV 047 0.145 <0.85 x 1073 0.0077
Ecy = 8 TeV 0.089 0.0282 <0.162 x 10~3 0.001

The signal events consist of leptons plus jets and do not
involve particles like neutrinos that are not detected at the
LHC, while the background events that closely mimic the
chosen signal do produce neutrinos which pass through
the detector undetected. Therefore, signal events will be
characterized by having zero missing transverse to the
beam, while any nonzero measurement of the missing
transverse energy

E;= (21)

ij_
¢

(where the vector sum is over all visible leptons and jets,
and p,; denotes the corresponding momenta perpendicular
to the beam) will indicate the presence of particles like
neutrinos in the final state, and will correspond to a
background event.” We will then require Ex <15 GeV,
in addition to C1 in Eq. (19). The usefulness of this cut can
be gauged by comparing the cross sections associated with
1t production listed in Table IV: 6., denotes the dilepton
production cross section (two same-sign leptons plus any-
thing); 6,,;; the dilepton-plus-two-jet cross section, when

both jets have transverse momentum p(Tj> > 25 GeV;
os¢jj-o the dilepton-plus-two-jet cross section® with zero

missing energy (E; =0) and p(Tj) > 25 GeV, and for
which we obtain less than 1 event in our simulations.
Finally, 6,.;;_15 the dilepton-plus-two-jet cross section

with missing energy E; <15 GeV and p(T"> > 25 GeV.
We will use these last two quantities to derive a bound on A
(for Ecy; = 8 TeV) and determine the expected sensitivity
for Ecyy = 14 TeV.

The missing energy E distribution for the SM back-
ground (Fig. 4) shows that there is a very large number of

>0f course, real detectors miss particles, and may misidentify
one type of event for the other.

%0Our simulations generated no t7 events with E; = 0; the
corresponding limits for 6,,;;_( are obtained as follows: If a
simulation with N events produces less than 1 event for a process
with cross section o, then Lo/N < 1, where L is the luminosity,
so that 6 < N/L. The numbers presented were obtained using
L=10fb"at8 TeVand L =1 fb~! at 14 TeV.

PHYSICAL REVIEW D 94, 055022 (2016)

£¢jjevents with E,. < 100 GeV, and that this is drastically
reduced to a vanishingly small number when the cut £ <
15 GeV is imposed, as also shown in Table I'V. This clearly
indicates that with such a selection criteria, the signal
events are retained (as ideally they are characterized by
having zero missing energy), while the background can be
reduced significantly, allowing for a much improved
discovery limit. In addition, the invariant lepton mass
M,, (Fig. 5) and transverse event mass Hp (Fig. 0)
distributions show a characteristic difference between
signal and background. For example, the M., distribution
for signal (upper panel of Fig. 3) peaks at M, ~ 800 GeV,
while the one for background (Fig. 5) peaks between
My, ~0 and 10 GeV, which can be also used for distin-
guishing between the contributions from new physics and
the SM background.

B. Bound on A from LHC data

The LHC has not seen even a lo excess from the
background events, so assuming Gaussian statistics,

S/VB <1,

where $ and B denote the number of signal and background
events, respectively. In terms of the luminosity L and the
corresponding  cross sections, S = Ogenal, B = OpaerLs
where L is integrated luminosity. To date CMS has
analyzed LHC data for same-sign dileptons for L =
19.5 fb~! at 8 TeV [42]; the background cross section

corresponds to oy, = O-(ffz;)jj—ls =1 fbin Table IV, and we
then find

O-signal S 0224 fb

This in turn puts the bound on the new physics scale: we
know that ojen, = 273 fb (after cuts) when A = 100 GeV
(see Table III), and that the signal cross section scales as
1/AS [see Eq. (18)]. It follows that

273 fb \ 1/6
> — = .
A> <0‘224 fb> x 100 GeV = 327 GeV.  (22)

C. Discovery limit for A for O,, at the LHC

We will follow the same approach to evaluate the
discovery limit at the 14 TeV LHC, requiring now a 3¢
excess over the background:

Oback
Osignal >3 L

From Table IV, we find 65 = 02(;;)]. 15 = 7.7 fb, while from

Table III we find ogignq = 2590 fb (after cuts) when the
new physics scale A = 100 GeV. Using again the simple
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FIG. 6. Hy for 17 events at LHC. The distributions for £ and ££2j events are shown in red and light green, respectively (dark green
regions correspond to the overlap of the two distributions). Left: E.,, = 14 TeV. Right: £, = 8 TeV.

scaling of the signal cross section with A [see Eq. (18)], If we use a stronger missing energy cut, the limit
we find improves. If we require no missing transverse energy, then
the background cross section drops to Gft;jj—o = Opack =

A <382 GeV(L =100 fb™' E; <15 GeV),  (23)  0.85 fb (see Table IV) so that, for the same luminosity,

for an integrated luminosity L = 100 fb~!. A <459 GeV(L =100 fb~', E; = 0 GeV).  (24)
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TABLE V. Cross sections for the hadronically quiet trilepton
signal at the LHC with E_, = 14 TeV. o, is obtained by
imposing the cut C1 [cf. Eq. (19)], and o, by both imposing
C1 and demanding |M,; — M| > 15 GeV.

p.p =00y o (b) oy (fb) oy (fb)
p.p—eé.ee,n, 1.2 0.70 0.695
p.p —e,eevu, 0.44 0.39 0.385
Total (including y) 3.28 2.18 2.16

D. Hadronically quiet trilepton at the LHC

The operator Oy, can also produce hadronically quiet
trilepton events at the LHC, which is sometimes favored as
a signal for new physics because of its clean signature and
small SM backgrounds. We find, however, that for O, the
total signal cross section is only 3.28 fb for A = 100 GeV
(see Table V). This small value results from the relatively
small branching ratio of the W boson into leptons and the
absence of a r-channel diagram that generates an important
contribution to the £7jj final state (compare Figs. 7 and 1).

WZ production generates a significant background to
the process being considered; in order to suppress it, we
require that the invariant mass M, between any opposite-
sign leptons of the same flavor satisfy |M,,—M_|>15GeV.
Comparing the results in Tables V and VI, we see that by
using the cuts, we are able to significantly reduce the
background compared to the signal cross section of 2.16 fb
for A =100 GeV. Following a procedure similar to the one
we used in analyzing the same-sign dilepton events and
using Eq. (18), we determine the sensitivity to A using this
hadronically quiet trilepton channel; using a 3¢ limit, we
obtain

A <130 GeV  (E; <15 GeV),
A <140 GeV  (Ez =0 GeV) (25)

for a luminosity of 100 fb~!. As expected from the smaller
cross section, these limits are weaker than the ones
previously obtained.

E. Applicability of the effective field theory

The results above indicate that the reach on the
new physics scale A lies in the =500 GeV range for the

4]}

ol

FIG. 7. Feynman diagrams generated by the operator O, and
which contribute to the hadronically quiet trilepton channel
pp — eeev,.
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TABLE VI. Dominant SM background cross sections 6., (in
pb) generated by 7 and WZ production for hadronically quiet
trilepton events at E.,, = 14 TeV including u* and e*; the third
column provides the numbers when the cut |M,, — M| >
15 GeV is imposed on the events. The cross sections in the
fourth and fifth columns are obtained by requiring £ = 0 and
E; <15 GeV, respectively (see text for details). The cross
sections are obtained after multiplying by the appropriate K
factor (= 2.20 for f7).

SM Production  6s¢¢  Gprr—m,,  Ote6-M,—0 Or6-Mp-15
at LHC (ob)  (pb) (fb) (fb)
tt 0.99 0.031 <0.85 1.69
wZzZ 0.73 0.171 <0.058 0.46

same-sign dilepton signature generated by the operator(s)
Oy, at the LHC with a 14 TeV CM energy. On the other
hand, the dilepton invariant mass distribution (Fig. 3) peaks
at ~1 TeV, a significantly higher value. We must then
investigate whether the effective theory approach is valid in
the above processes. Specifically, within the paradigm we
have adopted (that of a weakly coupled, renormalization
and decoupling heavy physics), we must determine whether
this implies that in the reactions under consideration one or
more heavy particles carries momentum >A (in which case
they could be directly produced, and the effective approach
would not be applicable). In order to investigate this, we
display in Fig. 8 the types of heavy physics that could
generate at tree level the vertex of interest (containing two
charged leptons of the same sign, two W bosons of the
same sign and two scalar isodoublets).
We see from Fig. 8 that there are two possible cases:
(1) When the heavy particles carry a momentum equal
to the invariant dilepton mass, in which case the
heavy particle is a boson isotriplet of unit hyper-
charge, or
(2) When the heavy particles carry a momentum equal
to the lepton-W invariant mass, in which case the
heavy particle  will be a heavy fermion isotriplet or
isosinglet of zero hypercharge.
The comments above indicate that the effective theory
would not be applicable in case 1. The situation for the
fermions X (case 2), however, is different: we see from

g w W é ®\<¢> W W g
N I D2 I %
ST

4
@l <¢> <¢>\® @l <¢> ¢
FIG.8. Tree-level graphs that can generate the operators O; and
O3 by the exchange of a heavy fermion (left) or scalar (right),
both isotriplets with unit hypercharge (denoted by the thick

internal lines).
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Fig. 9 that the lepton-W invariant mass peaks at
<200 GeV, significantly below the limit on A. It follows
that the limits we derive are applicable for the case where
the new heavy physics corresponds to the same fermions X
associated with type-III seesaw mechanisms [43] for
neutrino mass generation (see Appendix A).’

Direct searches of such heavy fermion isotriplets X
(using the full theory) at the 7 TeV LHC yield a bound
ms = 180 GeV [44], with which our result A > 300 GeV
compares favorably. In addition, Ref. [45] presents an
analysis where dimuon + jets data from the 8 TeV LHC are
used to derive constraints on heavy Majorana neutrinos that
can mix with the muon-neutrino (these correspond to the
case where the X are isosinglets). The results exclude heavy
fermion masses in the range 90-500 GeV, provided the
mixing is >0.005 (for the low-mass limit) and >0.6 for the
higher excluded mass; these constraints are then more
stringent than the ones derived above for the case of large
mixing. There are also several studies of the discovery
potential of type-III seesaw fermions at the 14 TeV LHC
through direct production [46—48] in lepton-rich final
states, and though a comparative signature space analysis
of the reach of direct production versus effective theory is
beyond the scope of this paper, a benchmark point analysis
in Ref. [46] suggests that the sensitivity to A obtained using
effective field theory will be competitive with the one
derived from direct searches.

V. CONSTRAINTS ON PTG OPERATORS
WITH RIGHT-HANDED NEUTRINOS

In Sec. IIT A, we listed the operators that do not contain
right-handed neutrinos and obtained the most stringent

7Typf: I involves fermion isosinglets, and the corresponding
effective operators would not have tree-level couplings to the W.
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bounds on the scale of new physics. In this section, we do a
similar study for operators that do contain right-handed
neutrinos. The list of such operators and their expressions
in unitary gauge can be found in Appendix B. Most of these
operators contain vertices with three fields (see Table VII),
one of which is a W, Z or H boson; the strictest limits
on A are then derived from Z, W, H decays and neutrino
magnetic moment, whenever kinematically allowed. When
the right-handed neutrinos are too heavy for these decays to
occur, the limits are weaker, as is the case for the operator
(1°v)|Dg|? that does not contain a three-legged vertex; we
comment on this situation at the end of this section.

In the discussion below, we will assume that the right-
handed neutrinos have a Majorana mass term of the form
vhCM vy that, for simplicity, we assume to be fully
degenerate: M, = m,1. In cases where the W, Z or H
decays are allowed, the effects of mixing (generated by
Dirac mass terms) will be small [49], and we will ignore
them. As in Sec. III A, the limits on A obtained below are
derived assuming that the operator coefficientis O(1); if this

is not the case, such limits apply to the scale A defined in that
section. We will also ignore the possibility of cancellations
among various effective operator contributions.

A. Operators contributing to Z-invisible decay

There are two such operators (see Table VII):

PN D) > e

N =

vis, —

* (Vo Prv)Z,, (26)

|¢|2(?GFVU)BMD S -

(where Z,, = 0,Z,—0,Z,) that generate the following
contributions to the invisible Z-decay width:
v’m,

A3

1 2\ 2
~ 5t (1) (2 = i = .
T

vmy —= .
A3 (l/ U”UPRZ/)Z”D. Fzz(z - l/RI/R)

1 2
o ("Xf) (m2 4 2m2)\/m2 — 4m?. (27)
|\

(We made an O(1) change in the operator coefficients in
order to have a uniform normalization of the three-legged
vertices.)

The invisible Z-decay width in the standard model is
I'(Z - inv) =499 4+ 1.5 MeV [29]. If the Z decay to
right-handed neutrinos is kinematically allowed, then, at
30,1'71 70 < 4.5 MeV gives the contours plotted in Fig. 10.
We see from this that the strictest limits on A are obtained
when the right-handed neutrino mass is small:

?ZPRU: FZ[(Z i l/Rl/R)
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TABLE VIIL
fields that they contain. We defined F,, = 0,4, — 0,4,, W},
the SU(2), and U(1), gauge coupling constants.
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Dimension-7 operators containing right-handed neutrinos, their unitary-gauge expressions, and the vertices with three
=9,W;
n'v

-0,W,,and Z,, = 0,Z, — 0,Z,. gand ¢ denote, respectively,

O (see Sec. 1)

Unitary gauge expression

Three-legged vertices in O (unitary gauge)

1 (_”y"E)(qﬁeB ) —Lglv+ H>VW*Ppe —imy, VU WH P e
Loy (i ¢TD”¢,) i (H+ 0P ZPy v_3_CZ‘pLU

P N)(9,10P) L (H 40P O,HEPL) 0, HF L)
(Fore) e )Wl VIH + 0210, — i(eA, + ge,Z,) WS |Fo"Pre) 2 W (o Pre)

|p|* (v 6" v)B,, 3 (H + 0)*(° 0" Pru)(cwF o — swZy) 102 (0" Prv) (cwFuy = SwZuy)
(U“Dye)(¢peD ) 5 (v + H)[-i(°0"Pre) W) + (_CPRe)W+ - (eA—g'sy2)] —iV2my oW,y (L5 Pge)
(v )|D¢|2 3 (W Pru){[0H + i (H + v)Z]* + 3 g*(v + H)*ma, W' - W~}

)¢l 1 (H+0) (0" CPRV) v H (U Pyr)

Z1(m, < m,): A > 354 GeV,

Z2(m, < m,): A > 358 GeV. (28)

B. Operators with right-handed neutrinos contributing
to H-invisible decay

Again referring to Table VII, we see that there is a single
operator of this type:
VU|p* D v H (L Pgu), (29)

which yields the following invisible decay width:

2m? 4m?
mH(v/A)6<1 ——2> 1 ——

I'(H — vgrg) = Ton

500
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A (GeV)
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FIG. 10. Z-invisible decay limit on neutrino mass m,, versus the
new physics scale A plane derived from Eq. (28). The light red
region and above is allowed by the operator t°ZP, v, and the lilac
region is allowed by (L°6*Py gv)Z,,.

Using the limit Br(H — inv) < 0.3 [50], and T3M =
4 MeV for the total SM contribution to the H width, we
find '(H — inv) < 1.7 MeV, which we plot in Fig. 11. For
light neutrinos, this implies

A > 828 GeV, 31)

(m, < my).

C. Operators with right-handed neutrinos
contributing to W-leptonic decay

There are three such operators (see Table VII):

L o) (peD,p) >

(tFoe) (et p)Wh, D V20* (9, W} ) (° o™ Pre),
(°Dye)(peD ) D —iv/2my v Wi (1°0" Pe),

D —im V' U'WHP; e,

[\

(32)
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FIG. 11. H-invisible decay limit on neutrino mass m,, versus the

new physics scale A plane derived from Eq. (30). The shaded
region is allowed by the operator °v|¢[*.
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FIG. 12. W-decay limit on neutrino mass m, versus the
new physics scale A plane derived from Eq. (33). The yellow
region and above is allowed by W,; (10" Pge), the darker orange

region and above is allowed by (v°6*Pre)d,W,, and the
orange region and above is allowed by W™ P, e.

that lead to three contributions to the leptonic W-decay
width:

2
mX;} ?WJFPLE: FWI
1 vt 2 202(9 2 2
= 1927 \ A7 (my, —my)*(2mg, + my),
My v TC U .
F(@,W}f)(v " Pre): Tyn
1 v 2 2022 2
- E A (mw - mv) (mw + 2mb)’
My ¥ — 1 v?
TW;(vcaﬂPRe): | — T99m <A6m3 ) (m2, —m2)*.

(33)

Now, the branching fraction of W to £ 4 v, (combined
leptonic final states) is I'(W — ¢v,)/T'y = (10.86 £
0.09)% with T'y, = 2.085 GeV [29]. This produces the
contours of Fig. 12 in the 3¢ limit; for light neutrinos,

Wi(m, < my): A > 473 GeV,

W2(m, < my): A > 460 GeV,
W3(m, < my): A > 290 GeV. (34)

D. Operators contributing to the neutrino
magnetic moment

The operators relevant for this constraint are listed in
Eq. (B1), for which the most significant constraint is
derived from the cooling rate of red giants and other

PHYSICAL REVIEW D 94, 055022 (2016)

astrophysical objects [30]. Using the results in Ref. [20], we
find that the strongest restriction is obtained by requiring
that the process y + Vijghi = Vneavy DOt be a very efficient
cooling mechanism in supernovae [30]:

Am2\ 1/4
A> (1 - ”) x 47 TeV, 2m, < wp =30 MeV,

2
Wp

(35)

where wp is the typical supernova plasma frequency; this
same limit is often expressed by the constraint that the v
magnetic moment is smaller than 3 x 10~'?4. The shaded
region in Fig. 13 shows the allowed range of NP scale (A)
as a function of neutrino mass (m,) from neutrino magnetic
moment constraint as in Eq. (35).

There are no important limits on A for magnetic coupling
for larger neutrino masses; in particular, collider data are
useful only when the underlying physics is assumed to be
strongly coupled. For weakly coupled heavy physics, the
effective operator coefficients are too small to produce a
measurable effect given the experimental sensitivity [20].

When the above decays are forbidden, or when the
operator does not have three-legged vertices, the exper-
imental constraints are degraded. This is because in this
case existing limits are obtained within the context of
specific models and cannot be directly extended to limits on
all effective operator coefficients. For example, there are
strict limits on the masses of the right-handed neutrinos and
the right-handed Wy gauge bosons present in L-R models
[51]. But these do not translate to limits on m, or A (when
the Wy and extra scalars are assumed to be heavy, with
masses ~A), since the leading effective operators (obtained
after integration of these heavy particles), whose effects are
strongly constrained by experiment, are not the ones being
considered here. The simplest way of seeing this is to note
that all our operators violate lepton number, so within such
L-R models they will appear multiplied by small coeffi-
cients (e.g., by the small vacuum expectation value of a
scalar triplet [52]) and will have subdominant effects. The
point is that without knowledge of the model realized in
nature, one cannot, in general, use limits obtained using
some operators to constrain the effects of others. A full
analysis of the potential collider reactions that can best
probe the operators in Table VII lies beyond the scope of
this paper.

VI. CONCLUSIONS

In this paper, we have worked out all possible effective
operators of dimension 7 involving SM fields and right-
handed neutrinos, indicating those that could be generated
at tree level by the underlying theory, and which may then
contribute significantly to low-energy observables. Our
results generalize lists of dimension-7 operators involving
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only SM fields [15], as well as earlier partial compilations
[17]. All dimension-7 operators violate B — L by 2 units.

From the operators presented, we selected two that can
generate clear dilepton and trilpeton signatures at the LHC.
The current limit on the scale of new physics is =330 GeV
[Eq. (22)], while the sensitivity to the scale of new physics
can reach =460 GeV [Eq. (24)], with the dilepton channel
providing the highest sensitivity. We argue that these results
correspond to sensitivity to the presence of heavy fermion
triplets (which can also be responsible for the type-III
seesaw mechanism for generating neutrino masses) and are
competitive with the ones obtained from direct production.
We argued that these limits are not necessarily superseded
by the stronger ones derived from precision data given the
inability to account for cancellations in the latter.

We have also obtained limits on the NP scale of operators
containing right-handed neutrinos from Z, H, W decays,
which are of the order of ~500 GeV or less for Z, W
semileptonic decays; limits on the H-invisible decay give a
stronger limit ~800 GeV (all with a dependence on the right-
handed neutrino mass). As for the light neutrinos, much
stronger constraints are obtained from the magnetic-moment
effective operator, but only for small (<30 MeV) masses.

Finally, we note that effective Lagrangian models have
recently gained interest when studying the LHC sensitivity
to various dark matter models; see, for example, Ref. [53].
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APPENDIX A: LOOP-GENERATED AND
POTENTIALLY TREE-GENERATED
OPERATORS

In this appendix, we present the arguments for determin-
ing whether an operator is necessarily generated by heavy
physics loops (LG operators), or if there are types of new
physics that can generate the operator at tree level (poten-
tially tree-generated or PTG operators). As throughout this
paper, we assume the NP is weakly coupled, and decou-
pling, and that the full theory is renormalizable. In this case,
denoting by /, E the number of internal and external lines,
respectively; by L the number of loops; and by V, the
number of vertices with n legs, we have the well-known

relations
L=1-V+1, > aV,=2+E V=)V,
n>3 n>3
(A1)

which for tree graphs (L = 0) in renormalizable theories
(V5 = 0) imply

Vy+2V, =E—2. (A2)

PHYSICAL REVIEW D 94, 055022 (2016)

When needed, we will denote a heavy fermion by ¥, a
heavy scalar by ®, and a heavy vector by V; correspond-
ingly, we denote SM vectors, fermions and scalars by A, y
and ¢, respectively.

We will also need some basic properties of the couplings
of matter and vector fields in gauge theories. We denote by
the index [/ a gauge direction associated with a light (SM)
vector boson, while an index A will be associated with the
heavy gauge-boson directions. Accordingly, the generators
are denoted 7' and T", and the group structure constants
take the generic form f;; ;5 10 nnn- The group generators in
general connect light and heavy particle (fermion and
scalar) directions; these we also denote by the subindices
land h: (T"),, (T"),, (T"),;, (T"),,, and similarly for T'.
General properties of gauge theories imply that

Jun =0, (Tl)lh - (Tl)hl =0. (A3)

Since a vacuum expectation value (®) does not break the

electroweak symmetry, we also have

TH{®) = 0. (A4)

Also, since T"(®) is a vector in the direction of a would-be
Goldstone boson, it follows that

(T"{®)), = 0. (AS)

We now use these relations to determine the LG or PTG

character of the operators listed in Sec. II:

(1) w>D* operators. These are of the form ?A,,A,,, or
yzA”UAp,,, and it is straightforward to see that the
possible tree diagrams involve a heavy vector, scalar
or fermion.

(a) Heavy fermion exchange: The graphs have av VA
vertex and are then proportional to (77),, = 0,
because of Eq. (A3).

(b) Heavy vector exchange: The graphs have an
AAV vertex and are then proportional to
fun = 0, because of Eq. (A3).

(c) Heavy scalar exchange: The graphs have an
AA® vertex, and are then proportional to
(®VT!, T"'}®' = 0, because of Eq. (A4).

(2) w?D3p operators. These are of the form
Myy ewA,, or 8”1//7/%01;/1:1”,,, and the possible tree
diagrams involve a heavy vector, scalar or fermion.
(a) Heavy fermion exchange: The graphs have a

wWA vertex, and are then proportional to
(T"),, = 0, because of Eq. (A3).

(b) Heavy vector exchange: The graphs have
a @AV vertex, and are then proportional to
(®Y{T!, T"}p =0, because of Egs. (A4)
and (AS).
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FIG. 13. Shaded area: Region in the neutrino mass m, (GeV)

versus the new physics scale A (GeV) plane allowed by the
neutrino magnetic moment constraint [Eq. (35)].

(c) Heavy scalar exchange: The graphs have an
Ap®d vertex, which is proportional to
(T"),; = 0, because of Eq. (A3).

(3) w?D?@? operators. These separate into two catego-
ries according to whether D? represents a field tensor
D? - A, ornot. Both cases can be generated at tree
level by the heavy-fermion exchange diagrams @
and @ in Fig. 14. None of the vertices in these graphs
are a priori forbidden by the gauge symmetry
(though they give rise to mixing among light and
heavy fermions and the associated naturality issues).

There are three operators in this group, O, 3 4, that
are associated with the type I, II and III seesaw
neutrino mass generation mechanism. To see this
relation explicitly, we define

0 = (Z)0(¢9). 1 = (£36)D*(grgh),
= (C19)D*(¢1¢h), (A6)

which can be generated by the exchange of a
fermion isosinglet, a scalar isotriplet or a fermion
isotriplet, respectively; the relevant graphs are given
in Fig. 14. Using the equations of motion (as allowed
by the equivalence theorem, see Sec. I), we find that
these two sets of operators are equivalent:

FIG. 14. Diagrams that generate operators of the form y?D?¢?

at tree level [thick lines denote particles with (A) masses].

PHYSICAL REVIEW D 94, 055022 (2016)

3
1 4

2 5

FIG. 15. Tree-level graph that can generate operators of the
form w*D; the lines labeled “a” and “b” correspond to heavy
particles (see text for details).

o, 0 0 2\ /0O
vl=1 8 4 8 || o (A7)
o, 2 0 -6/ \0o,

The advantage of the primed basis is that it man-
ifestly depicts the type of particles that generate
them and nicely matches them to the usual seesaw
graphs associated with neutrino mass generation.
Now, because O, 5 contain the term m3 W2e7 (O,
does not), O}, ;;; will also have such interactions. The
validity of the EFT for O}, requires that the dilepton
invariant mass satisfy M,, < A, while for O};, the W
lepton should be similarly bound: My, < A.

(4) w?Dg? operators. These contain vertices with two
fermions and three scalars, and it is easy to see that
they can be generated at tree level, for example by ¥
exchange.

(5) w2¢* operators. These contain vertices with two
fermions and four scalars,. The tree-level graphs
then satisfy® V3 +2V, =4, sothat V3 =2, V, = 1
or V3 = 4, and the first class of graphs can generate
the operators at tree level (vertices: y>®, ®*¢, p*®,
and two internal ® lines).

(6) w*D operators. These contain a vertex w*A, which
corresponds to tree-level graphs with £ =35 and
Vy;=3,V,=0,o0r V3 =V, =1, but the latter do
not occur since the underlying (renormlizable)
theory does not contain four-legged vertices with
fermions; the graphs are those in Fig. 15, where

Case 1 2 3 4 5 a b
i v w Ay yw | © 0
ii v v A vy vV v
iii v oy Ay oy V & (A8)
iv X v v v y v Vv
v X v yvuyy| ¥ O

(a) Case i contains the vertex ®®X, which has
a derivative, so the operators generated by

%The case V, =2 does not occur, because in renormalizable
theories there are no four-legged vertices with fermions.
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such graphs are of the form w*X0 and are of
dimension 8.

(b) Case ii contains the vertex VVA with one
derivative and also corresponds to operators of
dimension 8.

(c) Case iii contains the vertex XV® of the form
which vanishes because of Egs. (A4) and (AS).

(d) Cases iv and v require the vertex XV, which
does not exist because of Eq. (A3).

If follows that all these are LG operators.

w*p operators: Since fourr-fermion interactions
can be tree-generated by exchange of a heavy boson,
operators of the form y*p can be obtained by

J

PHYSICAL REVIEW D 94, 055022 (2016)

attaching a ¢ to the internal heavy boson line. These
are all PTG operators.

APPENDIX B: PTG OPERATORS CONTAINING
RIGHT-HANDED NEUTRINOS

The dimension-7 PTG operators containing right-handed
neutrinos (see Sec. II) are listed in Table VII.

It follows from this list that there are eight types of
three-legged vertices involving right-handed neutrinos and
contributing to the Z, H, W decays and neutrino magnetic
moments:

SM-like coupling Derivative coupling Magnetic coupling
z V7P v (V6" Prv)Z,,
H H(VPg) 0,H(Ly"PLv) (B1)
w VWP, e W, (10" Pge) (V6" Pre)W,,
Y (V6" PRu)F,,

The most significant constraints on A derived from these vertices were derived in Sec. V.
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