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Abstract We reevaluate the necessity of Wg gauge bosons
being kinematically accessible to test the left-right symmet-
ric model (LRSM) at hadron colliders. In the limit that Wy are
too heavy, resonant production of sub-TeV Majorana neutri-
nos N can still proceed at the Large Hadron Collider (LHC)
via the process pp — WE* — NOF — ¢*¢* 4 njif
mediated by a far off-shell Wg. Traditional searches strate-
gies are insensitive to this regime as they rely on momenta
of final states scaling with TeV-scale My,. For such situ-
ations, the process is actually kinematically and topologi-
cally identical to the direct production (DP) process pp —
WS:tM* — N{* — ¢%¢* + nj. In this context, we reinterpret
A/s = 8 TeV LHC constraints on DP rates for the minimal
LRSM. For my = 200-500 GeV and right-left coupling
ratiokg = gr/grL,wefind (Mw, /kg) > 1.1-1.8 TeV at 95%
CLs. Expected sensitivities to DP at 14 (100) TeV are also
recast: with .Z =1 (10) ab~1, one can probe (Mw, /kr) <
7.9-8.9 (14-40) TeV for my =100-700 (1200) GeV, well
beyond the anticipated sensitivity of resonant W searches.
Findings in terms of gauge invariant dimension-six operators
with heavy N are also reported.

1 Introduction

The left-right symmetric model (LRSM) [1-5] remains one
of the best motivated high-energy completions of the Stan-
dard Model of Particle Physics (SM). It ties together the
Majorana nature of neutrinos, their tiny masses in compari-
son to the electroweak (EW) scale vgw, and the chiral struc-
ture of EW interactions, seemingly disparate phenomena, to
the simultaneous breakdown of (B — L) conservation and
left-right parity invariance at a scale vg >> vgw. Predict-
ing a plethora of observations, the model is readily testable
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at current and near-future experiments; see [6—11] and the
references therein.

At the Large Hadron Collider (LHC), searches [12,13]
for Wg gauge bosons and heavy Majorana neutrinos N, if
kinematically accessible, focus on the well-studied, lepton
number-violating (AL = £2) Drell-Yan process [14],

pp — Wi — NOG& — 665 +nj. (1

As seen in Fig. 1a, Eq. (1) proceeds for my < My, first
through the on-shell production of Wg, then by its decay to
N. Recent investigations [16-20], however, have shown that
one can obtain a considerable increase in sensitivity to the
LRSM at colliders by relaxing the requisite charged lepton
and jet multiplicities stipulated by Ref. [14] for Eq. (1) and
similarly for the related single-top channel [21]. This is par-
ticularly true for My, > my, vEw, which occurs naturally
when vg > €(10) TeV with neutrino triplet Yukawas y4& <
0(1072). Incidentally, such scenarios are also favored by
searches for flavor-changing neutral Higgs (FCNH) transi-
tions [22-25] and neutron EDMs [26,27]. Along these lines,
we reevaluate the necessity of Wg being kinematically acces-
sible to test LR symmetry at hadron colliders.

In the limit that M, is of the order or above the total
collider energy +/s but my < /s, Eq. (1) can still proceed
if mediated instead by a far off-shell Wg. This is akin to the
SM Fermi contact interaction. For my < €(1) TeV, 8 TeV
searches [12,13] for Eq. (1) are insensitive to this configura-
tion due to the search premise itself: resonant Wg production
implies that momenta of final-state particles scale with My,
justifying the use of TeV-scale selection cuts in [12,13]. The
choices of the cuts are motivated by limits from dijet searches
that indicate My, 2 2.5 TeV [28,29]. Non-resonant Wg
mediation, however, implies that the partonic scale is natu-
rally Vi~ my < 0(1) TeV, and therefore it is unlikely
to lead to final states satisfying the kinematical criteria. For
mpy 2 O(1) TeV, present methods are sufficient [30].
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Interestingly, while the underlying dynamics differ, for the
(Mw,, my) range in consideration, the mass scale and topol-
ogy of Eq. (1) are identical to the heavy Majorana neutrino
direct production (DP) process

pp — Wiy — 6N — 0505 +nj. )

As shown in Fig. 1b, this process, which may also be labeled
as prompt production, transpires through off-shell SM W
bosons and occurs at the scale my for my > Mg, [31-
35]. Subsequently, hadron collider searches for Eq. (2) can
be interpreted as searches for Eq. (1) in the My, = /s
limit. Moreover, despite its off-shell nature, the Wg chiral
couplings to quark and leptons remain encoded in azimuthal
and polar distributions of the ££¢%n; system [36]. Thus, in
principle, the dynamics of Eq. (1) can still be determined,

even in mixed WI(?*)—WS(;)[ scenarios as considered in [36—

38]. It follows that this holds too for ee/pp — Z;e*) — NN

In the LRSM, heavy N production can in principle also
proceed through Eq. (2) and its neutral current equivalent via
neutrino mixing. However, such mixing between left-handed
flavor states £ and heavy mass eigenstate N, which scales as
Ven ~ «/m,/my, is necessarily small for the choice of m
in discussion and observed m,,. Subsequently, we neglect the
contribution of Eq. (2) in the LRSM throughout this study.
For further discussions, see, e.g., Refs. [37,39,40].

In this context, we reinterpret /s = 8 TeV LHC limits
on heavy Majorana neutrino DP cross sections [41,42] for
the LRSM. For my = 200-500 GeV and right-left cou-
pling ratio kg = gr/gr, we find (Mw,/kg) < 1.1-1.8
TeV are excluded at 95% CLs. While weak, the limits are
competitive with searches for resonant My, — N produc-
tion [13,30]; however, for such low mass scales, the valid-
ity of this approach requires kg >> 1. Projected sensitiv-
ities [43] to DP at the high-luminosity LHC and a hypo-
thetical 100 TeV Very Large Hadron Collider (VLHC) are
recast into projections for the LRSM. At 14 (100) TeV and
with .Z = 1 (10) ab™!, one can probe (Mwy/kR) < 1.9-
8.9 (14-40) TeV for my = 100-700 (1200) GeV. We also
translate sensitivity to (M, /kgr) for coefficients of gauge
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(b)

Fig. 1 Born diagrams for heavy Majorana N production and decay via a Wg, b Wgy currents. Drawn using JaxoDraw [15]

invariant dimension-six operators in an effective field theory
with right-handed neutrinos (NEFT) [44].

This study continues in the following order: in Sect. 2, the
components of LRSM and NEFT relevant for this work are
reviewed. We describe our methodology for reinterpreting
(V)LHC limits in Sect. 3, and report results in Sect. 4. We
summarize and conclude in Sect. 5.

2 Theoretical framework

We now briefly summarize the main relations of the minimal
LRSM and NEFT relevant to this analysis.

2.1 Minimal left-right symmetric model

In the notation of [36], the Wg quark chiral currents are

q
—KR8L —_
Lpg-ag' = % Y wVEWE y* Prdj + He.

i,j=u,...

Here, up-(down-)type quarks with flavor i (j) are represented
by u;(d;); Pr(ry = 5(1 £ y) is the right-hand (RH) [left-
hand (LH)] chiral projection operator; Vl}} denotes the RH
analog of the Cabbibo—Kobayashi—-Masakawa (CKM) matrix
VII]‘, and K;é € R is an overall normalization for the Wg
interaction strength with respect to the SM weak coupling
gL = ~/4magy/ sin Oy . Despite nature maximally violating

parity at low energies, Vll} retains its resemblance to Vl];

with |Vl.1}| = |Vl.]]f| for generalized charge conjugation and
|Vl.1]3| A |Vi]f| + &' (myp/m;) for generalized parity [26,27,45—
47]. Throughout this study, we assume five massless quarks
and, for simplicity, take |Vl]]‘ [, | Vifl to be diagonal with unit
entries.

For leptonic coupling to Wg, we consider first the decom-
position of neutrino chiral states i, j into mass states m, m’:
Assuming i(m) = 1,...,3, LH (light) states and j(m') =
1, ..., n,RH (heavy) states, we can relate the chiral neutrino
states and mass eigenstates by the rotation
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<VLi> _ <U3><3 V3><n> (Um> (3)
N1Czj Xnx3 Ynxn N;U '

Without the loss of generality, we take the rotation of the
charged leptons into the mass basis as the identity. The U3z «3
component of Eq. (3) is then recognized as the observed
light neutrino mixing matrix. In analogy to Uy,,, the entry
Yoy (Xem) quantifies the mixing between the heavy (light)
mass state N,,’(v,,) and the RH chiral state with correspond-
ing flavor ¢. Hence, the mixing entries scale as |ng/|2 ~
(1) and [Xem|* ~ 1= [Yy* ~ O(my,/my,,) [14].
Explicitly, the RH flavor state N, in the mass basis is
then [35,36]

3 n
= Z X/émv,% + Z Yo' N - “)
m=1 m'=1
With this, the W chiral currents for leptons are [35,36]

—KR8L
D‘ZWRfﬁfu/N = R ZN Wi RuY “Prt~ + H.c.

3
—K - .
- R“Z[zvcx - S|
m'=1
xWRMy Pr¢™ +H.c.

As for quarks, KI‘; € R normalizes the Wx coupling to lep-
tons. Throughout this analysis, we adopt the conventional
benchmark scenario and consider only the lightest heavy neu-
trino mass state N,,/—;, which we denote N.

2.2 Effective field theory with heavy neutrinos

Heavy neutrino effective field theory (NEFT) [44,48,49] is a
powerful extension of the SM EFT [50,51] that allows for a
consistent and agnostic parameterization of new, high-scale,
weakly coupled physics when N mass scales comparable
to vgw. As TeV-scale L violation implies [52,53] the exis-
tence of a particle spectrum beyond the canonical Type I
seesaw [54-57], it is natural to consider DP sensitivities in
terms of NEFT operators.

After extending the SM by three Ng, the most general
renormalizable theory that can be constructed from SM sym-
metries is the Type I seesaw Lagrangian,

Lype 1 = LsM + LN Kin+Mass T LN Yukawa- ®)

Respectively, the three terms are the SM Lagrangian, the
kinetic and Majorana mass terms for Ng, and the Yukawa
couplings responsible for Dirac neutrino masses. From this,
the NEFT Lagrangian can be built by further extending
L1ype 1 before EW symmetry breaking (EWSB) by all SU(3)
® SU2);. ® U(1)y-invariant, irrelevant (mass dimension

d > 4) operators containing Type I seesaw fields:

AEFT = Lrype 1+ Y Y
d=5 i

o, ©®)

Ad—4)

Here, o; < O(4rm) are dimensionless coupling coefficients,
A >> /5 is the mass scale of the underlying theory, and @’i(d)
are gauge invariant permutations of Type I field operators.
The list of &) are known explicitly for d = 5 [48], 6 [44],
and 7 [49], and can be built for larger d following [58,59].

At d = 6, the four-fermion ﬁl@ giving rise to the same
parametric dependence on m y in the partonic cross section
& as both DP and the LRSM for My, > /3 are

09 = (dy" Pru)@y, PkNg) and
ﬁg) = (QVMPRNR)g(ZVuPRd). @)

In Eq. (7), € is the totally antisymmetric tensor. After EWSB
and decomposing Ny according to Eq. (4), but neglecting
O (X ) terms, the operators become

0y =" (dy" Pru)(@yuPg You Ny) and
m'=1
0% =" (0y" Pr Yo Nw) @y, Prd). ®)

m'=1

As in the LRSM case, we consider only the N, —; state with
mixing as given in Egs. (40), (41).

3 Mimicking direction production with left-right
symmetry

In this section we describe our procedure for extracting
bounds on LRSM and NEFT quantities from observed and
expected (V)LHC limits on heavy Majorana neutrino DP
rates. Our computational setup is summarized in Sect. (3.1).
We start by constructing the observable e (Myy,), which we
will ultimately constrain.

The Born-level, partonic heavy N production cross section
via (on- or off-shell) W currents,

G — W - N eE, ©)

with arbitrary lepton mixing is given generically by [36]

dé LRSM 36 LRSM

ITot. 2 -2
= 1 — cos6 6] (10
i, 237r(2+rN)[( cos6g)” + ry sin” 6] (10)

where ry = m12v /§ and the total cross section is

2 o
sursm _ Ki kR gL WewP S0 —rw?@brn)
Tot. 27 3N, n[(f_M‘%VRp_f_(MWRFWR)z]
q2 02 4 A
KR Kr 8L 2 S
~ S e P (=@ . (12)

Wr
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In the last line we take the My, > /3 limit. For DP, the
analogous partonic cross section is

~DP DP
do 30 Ot

= 1 — cosby)? in” 0 13
a0, = Pr@ 4y )[( cos )™ +rysin“ 6] (13)

where the total partonic rate for Vis>M Wgwm 18, similarly,

sop _ 8L VP 3A —rv?@4rw) i
oot = 3TN 7 [ e 12 12 2 (14
. [(s—MWR) +(MWFW)]

2
N gL|V€N|
~ AN (1 — )2 Q2 +ry). (15)

Comparing the differential and integrated expressions one
sees crucially that the angular and m y dependence in the two
processes are the same. This follows from the maximally
parity violating V % A structures of the Wy / Wr couplings.
Naively, one expects the orthogonal chiral couplings to invert
the leptons’ polarizations with respect to the mediator. How-
ever, as the mediators’ polarizations are also relatively flipped
with respect to the initial-state quarks, the outgoing lepton
polarization with respect to initial-state quarks, i.e., cos g,
is the same. Hence, universality of Wx chiral couplings to
quarks and leptons in the LRSM can be tested without reso-
nantly producing it. The precise handedness of the couplings
can be inferred from azimuthal and polar distributions of the
0*¢* jj final state [36] as well as single-top channel [60].
As DP searches do not (and should not) rely on forward—
backward cuts, which are sensitive to parity asymmetries,
their reinterpretation in terms of the LRSM for non-resonant
Wk is justified.

Branching rates of N to a final state A can be expressed
in terms of the calculable N — A partial widths,

I' (N = A)

(16)

For My, > my, the My, dependence in Eq. (16) cancels.
Hence, the Born-level, partonic same-sign lepton cross sec-
tion in the LRSM,

Qg — Wit — N6 — (F i X, (17)
under the narrow width approximation for N is
6(@1qa — N 6 — 6565 X)

~ GERM 5« BR (N — 65 X) (18)
=2 (My,) x 6. (19)
In the last line we collect LRSM parameters into the single,

dimensionful (TeV~*) coefficient

qZKfez o
[Yo,n > BRIN — & qiq3).  (20)
Wgr

£ (My) =

@ Springer

The “reduced” partonic cross section & contains all kinemat-
ical and my dependence that must be convolved with parton
distribution functions (PDFs) to build the hadronic cross sec-
tion. For the e* Mi mixed-flavor state, a summation over g*
and "¢ is implied.

Inclusive, hadronic level cross sections are obtained from
the Collinear Factorization Theorem,

opp > A+X)=fRfR4 (21
dé /
61]"'1,]% / : 70/81
XU fiypGEromp) fispEanp) + (1< 2)16G] — A).
(22)

It expresses the production rate of A (and arbitrary beam
remnant X) in pp collisions as the convolution (®) of the
ij — A partonic process rate and the process-independent
PDFs fi/p(&, ), which for parton species k with longitu-
dinal momentum p, = & E, resums collinear splittings up to
the scale 1 ¢. The kinematic threshold 7o is the scale below
which the process is kinematically forbidden. For heavy N
production, 79 = m%v /s. In terms of ¢(Myy,), the hadronic
equivalent of Eq. (19) is

o(pp— NUE— 6565+ X) =e(My,) x6. (23)

Here, o is the “reduced” hadronic cross section and is related
to & by the convolutions ¢ = f ® f ® 6. As the next-
to-leading order (NLO) in QCD corrections for arbitrary
DY processes largely factorize from the hard scattering pro-
cess [61,62], Eq. (23) holds at NLO:

oNO(p p — N 6F - (5 6F + X) = e(My,) x oNLO,
(24)

Premising that reported LHC limits on the DP cross section
can be applied to the LRSM for kinematically inaccessible
Wr, Eq. (24) shows how to translate the upper bound on the
rate into an upper bound on e(Myy,).

For the NEFT operators in Eq. (7), the corresponding par-
tonic scattering rates are given by [44]

— 2 2 A
owx(ud — + + ,4 ae | YNl
53 ( NZ] —>€1E2 X)—M 5

273Nt A4
x(1 —ry)?@2 +ry) x BRIN = 6,X), (25)
Ao 2
by (ud — NOf — 6F65X) = —Vésg (26)
S3

Comparing with Egs. (10)—(13), one finds the mapping
2

o
of) 12 (My,) = ﬁWNEIFBR(N - 06X), (27

2
oP e (My,) = A—4V|YN51|2BR(N — 0X).  (28)

This allows the further interpretation of e (M, ).
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3.1 Computational setup

Practically speaking, the NLO-accurate reduced cross sec-
tion is determined using the FeynRules-based [63-65]
NLO-accurate Ef fective Left-Right Symmetric
Model file of [20] and MadGraph5_amc@NLO [66]. The
process

pp — W - Nut + X (29)

is calculated at NLO accuracy assuming test inputs:

{Mrest} : Mw, =200 TeV, Ké’q =1,

Y,nl =1, BR(N — puX)=1. (30)
For the choice of EW inputs, PDFs, etc., we follow Ref. [20].

Denoting the &(Myw,) corresponding to the Eq. (30) as
&(Mtest), 5NLO s obtained from the relationship

5NLO _ oNO(p p — N pE + X; (Mrewt))
&(MTest) '

€1V

4 Results and discussion

We now report the observed sensitivity to the LRSM from
DP searches in the uu/ee/epn channels by the CMS experi-
ment at /s = 8 TeV with £ = 19.7 fb~! [41,42]. We also
report expected sensitivities based on 14 TeV projections
with .2 = 100 fb~! and 1 ab=! [43], as well as at 100 TeV
with . = 10 ab—! [43]. In all cases, 95% confidence level
(CL) limits are obtained/reproduced via the CL; method [67—
69], using the information available in [41-43], and assuming
Poisson distributions for signal and background processes.
After obtaining the expected (observed) DP cross section
limits agf;/f C((I;BS'), LRSM constraints are determined from
the “reduced” cross section &, as defined in Eq. (31), with
the relation

UgS%CLS
£14 _ “Exp. (Obs.)
8Exp. (Obs.) (MWR) - 5NLO (32)

In Fig. 2 we plot as a function of my the 8 TeV CMS
upper bounds on &(My,) for the (a) uu (dash-dot) as well
as (b) eu (dash-dot) and ee (upside-down triangle) channels.
One finds comparable limits for all modes, with

uEut e (My,) <0.05 Tev™, (33)
etut, efet e (My,) <0.1TevV ™, (34)
For my < 150 GeV, Wsm production greatly diminishes

sensitivity. A weaker limit for e-based channels is due to the
larger fake and charge misidentification rates for electrons
than for muons, particularly from top quarks. These features
are seen consistently in projections.

InFig. 2a, the expected sensitivity to e/ (M, ) at 14 TeV
with . = 100 fb~! (solid-triangle) and 1 ab~! (dash-dot-
diamond) are shown. We find that, for my =100-700 GeV,
one can potentially exclude:

Lo wr €M (M) S5 x 107 TeV, (35)
LTV e (M) <9 x 1070 Tev ™, (36)

At a future 100 TeV VLHC, the large increase in parton
density coupled with proposed integrated luminosity goals of
10-20 ab—! [70] implies a considerable jump in sensitivity
to e(Mw,) for EW-scale N. For my =100-1200 GeV, the
up (dot-star) in Fig. 2a) and ep (dot-star) in Fig. 2b) final
state can probe with 10 ab™!:

M (M) <2 x 1077-1 x 1070 Tev ™, (37)
M (Myp) <2 x 10777 x 1070 Tev ™, (38)

Derived limits on e(Myw,) hold for rather generic LR
scenarios. Under the strong (but typical) assumptions of a
minimal LRSM setting, we can rewrite constraints as lower
bounds on the ratio of My, and K%’e. Specifically, assuming
gauge coupling universality, one has

KR = Kh =Kk (39)

For single flavor final states, we take the aligned lepton mix-
ing limit Eq. (40), whereas for the mixed flavor channel, we
take the maximally mixed limit Eq. (41), i.e.,

|Yen] ~ 1 and BR(N — £FX)~1,0r (40)
Yen| ~ [Yun| ~ 1/4/2 and
BR(N — ¢*X) ~ BR(N — u*X)~1/2. (41)

While N can decay with equal likelihood to K;’ and ¢;, the
same-sign charge stipulation reduces the effective branching
by 1/2. With this, we invert e (M), giving

KR In x SZIZZ(MWRY

where 1 accounts for charge and flavor multiplicities.

In Fig. 2c, d, respectively, we show the lower bounds on
(Mw, /kR) for the same configurations as (a) and (b). For all
channels, the observed 8 TeV limits span:

My, 1 {2, Ly =L 42)

B 4,01 £’

My,
KR

my = 100—200 GeV : ( ) 207 —-18TeV,

My,

my = 200—700 GeV : < ) 2 1.1—18TeV.

KR

At /s = 14 TeV with Z = 100 fb~! and 1 ab™!, the upu
final state can exclude for my =100-700 GeV:

@ Springer
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1 N . 95% CLs upper limit 3
-1 AN - wp Channel _
— 10 NN E
] F CMS Observed E
> 107 EF  sTev.197m E
= 1073 & 14 TeV, 100 fb! .
—~ e (Expected) 3
23 107 £ T 14 TeV, 1 ab! 3
E (Expected) 7
N’ _
T 107 F E
1076 éj,_“' TR 100 TeV, 10 ab! (Expected) é
o B A L SRS N NN SN 3
1077 P P R HEEU TN S S |
200 400 600 800 1000 1200
my [GeV]
(@)
N T
107 95% CLs lower limit 3
r put Channel 1
[ 100 TeV, 10 ab™! (Expcc[cd)”' _____ — — —— N ¥ ]
S B e |
S
(0] o 4
=
- 14 TeV, 1 ab!
zm ]0f“o—""“_“_"_"‘(Expected) E
~ i
g e *———a14 TeV, 100 fb’! ]
2 r (Expected) 1
B CMS Observed T
® 8 TeV, 19.7 fb!
1B S R R S
200 400 600 800 1000 1200
my [GeV]
(©

Fig. 2 a As a function of my, observed 8 TeV LHC upper bound on
eM(Mw,) (dash-dot), expected 14 TeV sensitivity with .Z = 100 fb~!
(solid-triangle) and 1 ab~! (dash-dot-diamond), and expected 100 TeV
VLHC sensitivity with 10 ab=! (dot-star). b Same as a but with e*u*

My
FUTV - (ZER) <5058 Tev, 3
100 fb—! KR ~ (43)
M
LTV <—WR) < 7.8-8.9 TeV. (44)
KR

Comparable sensitivity in the ee and ejx channels is expected.
At 100 TeV with 10 ab™!, the up and e channels for
mpy =100-1200 GeV are sensitive to

M
pEut <ﬂ> < 25-40 TeV, (45)
KR
M
etut (ﬂ) < 14-33 TeV. (46)
KR

We note that the sharp cutoffs at my = 500, 700, and 1200
GeV for the several scenarios in Fig. 3a are due to the lim-
ited number of mass hypotheses considered in [41-43]. A
dedicated analysis would show sensitivity to larger m .

To compare with searches for resonant Wr—N produc-
tion, we plot in Fig. 3a the region of the (M, my) param-

@ Springer

1
1 95% CLs upper limit 3
10_1 i g« et Channel E
— ., g Chamnel  cps Observed 3
v 107°F 8 TeV, 19.7 fb! E
% 3 E .
= 107
b - .
N 10_4 E =
z F E
= 107°F = . . =
)} § N e*u* Channel (Expected) 3
6| R 100 TeV, 10 ab B
v 107 E N |
F MR A SRR v ]
0 A A S i
200 400 600 800 1000 1200
my [GeV]
(b)
N |
10 E 95% CLs lower limit
—_— L R Feeonn Fomnen Fornaan Fanran Faaan ¥ |
> RNt . i
[5) ' R e*it* Channel (Expected)
= NS 100 TeV, 10 ab
« 10F E
¥ N ]
~
~ - 4
EB | CMS Observed ]
8 TeV, 19.7 fb’!
i e*e* Channel ]
PR +
el S alivae T B
200 400 600 800 1000 1200
my [GeV]
(d

(dash-dot) and eTe* (solid-triangle) at 8 TeV and eu (dot-star) at 100
TeV. ¢, d Same as a, b, respectively, but for lower bounds on (Mw,, /kg).
All limits are obtained at 95% CL;

eter space excluded by the ATLAS experiment at 8§ TeV with
20.3 fb~ ! in the ;1 channel [13], along with our correspond-
ing sensitivities for kg = 1. For my =100-500 GeV, we
find that the reinterpretation of CMS’s DP limits are actually
within 1.5x of present My, limits from resonant Wg — N
and dijet (not shown) searches [12,13,28,29]. However, for
such low mass scales, the validity of this approach requires
kg > 1. With 100 fb~! at 14 TeV, projected sensitivities
are competitive with the &(5) TeV reach from resonant
searches using the full HL-LHC dataset [16,19,36]. With
1ab~! at 14 TeV, and more so with 10 ab=! at 100 TeV,
the DP channel can probe super heavy vy scales favored by
low-energy probes [23-27]. These findings suggest searches
for heavy Majorana neutrinos via off-shell Wi may be
of some usefulness at current and future collider experi-
ments.

For completeness, upper limits on e#*(Myy,) are recast
in terms of the NEFT operators in Eq. (8). Using Egs. (27),
(28), the lower bounds on (A /., /v s3) are
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2000 B IS A RS B B s LA Ry
- my=My
C| 95% CLs Exclusion
- w*u* Channel
1500 H
r F/\TL/\S Observed
H 8 TeV. 20.3 fb’! 100 TeV, 10 ab” (Expected)

« 14 TeV, 100 fb'! (Expected) 1
FEFEFEEl EPAETET EPETET AT A AT AT AT | Loy 13

75 10 15 20 25 30 35 40
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Fig. 3 a Observed and expected 95% CL; sensitivities to the
(Mwy,, my) parameter space (kg = 1) for various collider configura-
tions via direct and indirect searches in the 1+ final state. b Observed
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and expected 95% CL; sensitivities to the NEFT dimension-six opera-
tors ﬁg’ ) and ﬁgg) in the u* 1 channel for the collider configurations
in Fig. 2a

NN L
200 400 1000 1200

Table 1 Observed [41,42] and expected [43] 95% CL; sensitivities to e(Mw,) and (Mw, /kg) in the LRSM as well as A/ Y (x‘z/BR in NEFT

assuming various pp collider energies (+/s) and integrated luminosity caches (%)

Obs. Exp. Obs.  Exp. Obs.  Exp.

Vs (TeV) 8 14 14 100 8 14 14 100 8 14 14 100

Z (b 19.7 100 103 10* 197 100 10> 10* 197 100 10° 10*

my (GeV) 6565 e(Myw,) (TeV™) Mw, /kr (TeV) A/Ja? - BR (TeV)

100 m 1.95x 107" 645x107*  1.00 x 10™* 496 x 1077 1.3 58 84 32 21 97 14 53
en 8.05x 1071 - - 1.64x 107 075 - - 20 15 - - 40
ee 870 x 10~ — - 087 - - - 1.5 - - -

200 Wit 544x1072  6.03x10* 134x107* 131x10°® 17 54 78 25 29 90 13 42
an 8.19x 1072 - - 749 x 107 1.3 - - 4 26 - - 27
ee 742 %1072 - - 16 - - - 27 - - -

300 Wit 481 %1072 684x107* 9.69x10™° 922x1077 1.8 57 85 27 30 95 14 46
an 770 x 1072 - - 295x 107 1.3 - - 17 27 - - 34
ee 8.42x 1072 - - 16 - - - 26 - - -

500 Wit 1.06 x 107! 5.74x107* 8.04x10™° 479x1077 15 54 89 32. 25 91 15 54
n 1.66 x 1071 - - 5.90 x 1077 1.1 - - 26 22 - - 51
ee 129 x 1070 — - 14 - - - 24 - - -

1200 i - - - 1.95x 1077 - - - 40 - - - 67
e - - - 2.09x 1077 - - - 33 - - - 66

A \ AY,n B choice in Eq. (40) are shown in Fig. 3b. Over the respective
> | ) (47)  ranges of my, they span approximately
{‘/oz%,BR (N = puX) | EExp Oby) (MWe)
2 8 TeV A
A ) Y| Lo et - >2.1-30TeV, (49
\/oeS3BR (N — uX) '\ “Exp (Obs) R
As a function of m y, the observed and expected sensitivities .le(;t)Tf%YI : A > 8.7-9.7TeV, (50)

to Oy for the several configurations in Fig. 2a and mixing

C/aZVBR (N = uX)
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A
U > 13—15TeV, (S
Je3BR(NV — ux)
A
FU0TeV . > 42—68 TeV. (52)

{4/oz%,BR (N > uX)

We summarize our reported findings in Table 1.

5 Summary and conclusion

While the LRSM naturally addresses shortcomings of the
SM, itis not guaranteed its entire particle spectrum lies within
the kinematic reach of the LHC or a future 100 TeV VLHC.
Indeed, low-energy probes favor the LR breaking scale to be
above the LHC’s threshold [22-27].

In this context, we argue that when LRSM gauge bosons
are too heavy to be produced resonantly, on-shell produc-
tion of sub-TeV Majorana neutrinos via the process pp —
Wi — Ne* — ¢*¢*4njisstill possible when mediated by
far off-shell Wg. In this regime, the process’ mass scale and
topology are identical to the direct production (DP) process
pp — Wiy — NeE — ¢*0% +nj. Subsequently, searches
for DP of heavy Majorana neutrinos can be translated into
searches for LR symmetry.

We have recast current [12, 13] and projected [36,43] sen-
sitivities to the DP process at pp colliders into observed and
expected sensitivities for the LRSM, in the heavy My, limit.
We find the following:

1. At the 8 TeV LHC, for my =100-500 GeV and right—
left coupling ratio kg = gr/gL, searches have excluded
at 95% CLg; (Mw, /kr) <0.7-1.8 TeV. For my 2 200
GeV, this is within 1.5x of searches for resonant Wg and
Wgr—N production.

2. At 14 TeV with 100 fb~! (1ab~!), one can exclude
at 95% CL, (Mw,/kgr) <5.2-5.8 (7.8-8.9) TeV for
my =100-700 GeV, well beyond the &'(5) TeV antici-
pated reach of resonant Wg searches.

3. At100TeV with 10 ab—!, one can probe (Mw, /kr) <14
—40 TeV at 95% CL; for my =100-1200 GeV, thereby
greatly complementing low-energy probes of &'(10) TeV
UR.

4. In terms of an Effective Field Theory featuring heavy
neutrinos, we find limits on mass/coupling scales for
gauge invariant, dimension-six operators comparable to
the aforementioned limits in the LRSM.
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