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Perspective
Experiment & observation reveal 

non-zero ν masses, 
a cosmic BAU, dark matter, dark energy.

Although B violation appears in the SM (sphalerons), 
[Kuzmin, Rubakov, & Shaposhnikov, 1985]

we know nothing of its pattern at accessible energies. 

B and L violation could well play a role in solving 
all of these puzzles?

Experimental limits on |ΔB|=1 processes are severe;
|ΔB|=2 processes can be of distinct origin & important.

 [Marshak and Mohapatra, 1980; Babu & Mohapatra, 2001 & 2012; Arnold, Fornal, & Wise, 2013]



Today*

— I argue that new, possible avenues for 
B (& L) NV (by 2 units) have been largely overlooked

—That light hidden sectors that could help mediate 
mass rare processes associated with dim  operators 
are not excluded by existing experiments

≥ 9

—I discuss the existing constraints & the
discovery potential of some possible new experiments

—These possibilities strengthen interest in 
|ΔB| = 2 experiments of increased sensitivity!

*based on work in collaboration with Xinshuai Yan (CCNU, Wuhan)



“What’s Past is Prologue” 

It had long been thought that BNV is
fantastically suppressed, making  oscillations 

very challenging to observe

Enter SO(10) models [Babu, Mohapatra]

nn̄

Enter new scalars….

What is the value of the “partial unification” scale?

We look down from the GUT scale to find |ΔB|=2 processes  

The idea that BNV (& LNV) is intrinsically very HE physics
has colored experimental searches  

Note limits on |ΔΒ|=1 processes are severe!
E.g., τ(N→e+π) = 8.2 x 1033 yr [p] @ 90% CL 
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Models with |ΔB|=2 Processes
Enter minimal scalar models without proton decay

Already used for            oscillation without p decayn ! n̄
[Arnold, Fornal, Wise, PRD, 2013]

Note limits on |ΔΒ|=1 processes are severe!
E.g., τ(N→e+π) = 8.2 x 1033 yr [p] @ 90% CL 

Add new scalars Xi without N decay at tree level

Also choose Xi that respect SM gauge symmetry
and also under interactions XiXjXk or XiXjXkXl,  etc. 
— cf. “hidden portal” searches: possible parameters 
(masses, couplings) are limited by experiment
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Scalars without Proton Decay 
Scalar-fermion couplings

That also carry B or L charge

Note
SU(3)
rep’ns

2

TABLE I. Scalar particle representations in the
SU(3)c⇥SU(2)L⇥U(1)Y SM that carry nonzero B and/or L
but permit no proton decay at tree level, after Ref. [4]. We
indicate the possible interactions between the scalar X and
SM fermions schematically. Note that the indices a, b run
over three generations, that the symmetry of the associated
coupling gabi under a $ b exchange is noted in brackets, and
finally that our convention for Y is Qem = T3 + Y . Please
refer to the text for further discussion.

Scalar SM Representation B L Operator(s) [gabi ?]

X1 (1, 1, 2) 0 -2 Xeaeb [S]

X2 (1, 1, 1) 0 -2 XLaLb [A]

X3 (1, 3, 1) 0 -2 XLaLb [S]

X4 (6̄, 3,�1/3) -2/3 0 XQaQb [S]

X5 (6̄, 1,�1/3) -2/3 0 XQaQb, Xuadb [A,–]

X6 (3, 1, 2/3) -2/3 0 Xdadb [A]

X7 (6̄, 1, 2/3) -2/3 0 Xdadb [S]

X8 (6̄, 1,�4/3) -2/3 0 Xuaub [S]

X9 (3, 2, 7/6) 1/3 -1 XQ̄aeb, XLaūb [–,–]

clude the existence of a Majorana neutrino [41]. Here we
note that such a connection can be demonstrated with-
out requiring the observation of proton decay, or indeed
of any |�B| = 1 process.

Minimal scalar models with baryon number violation

but no proton decay. The minimal scalar models that
give rise to |�B| = 2 and not |�B| = 1 processes while
respecting SM gauge symmetries contain either three or
four scalar interactions. Following Refs. [4, 39, 40, 42]
we consider all the interactions permitted by Lorentz
and SU(3)c⇥SU(2)L⇥U(1)Y gauge symmetry. Models
for processes with both |�B| = 1, 2 have been con-
structed [4, 40, 42, 43], though in this paper we follow
Ref. [4]. The particular scalars that allow B or L violation
to appear but do not admit |�B| = 1 processes at tree
level are enumerated in Table I. We have also noted the
schematic interactions of the scalars Xi to right-handed
leptons and quarks of generation a as ea and ua, da and
to left-handed leptons and quarks as La and Qa, respec-
tively. The symmetries of the scalar representations un-
der color SU(3) and/or weak isospin SU(2) can fix the
symmetry of the associated coupling constant under a, b
interchange, and we have noted that as well in Table I —
the relation gabi = ±gbai indicates S(+) or A(�), respec-
tively, and “–” denotes no interchange symmetry. We
note that X9 cannot generate a B and/or L violating in-
teraction of mass dimension four or less, so that we do
not consider it further, and that interactions denoted by
“A” cannot involve only first-generation fermions.

In what follows we extend the models of Ref. [4] to in-
clude the possibility of |�L| = 2 processes as well. That
earlier work focused on the possibility of |�B| = 2 pro-
cesses without proton decay as mediated by interactions
of the form X2

1X2 or X3
1X2, where X1 and X2 are dis-

tinct scalars, because it turns out not to be possible to

TABLE II. Minimal interactions that break B and/or L from
scalars Xi that do not permit |�B| = 1 interactions at tree
level, indicated schematically, with the Hermitian conjugate
implied. Interactions labelled M1-M9 appear in models 1-9
of Ref. [4]. Interactions A-G possess |�L| = 2, |�B| = 0.
M19, M20, and M21 follow from M8, M17, and M18 un-
der X7 ! X6, respectively, but they do not involve first-
generation fermions only.

Model Model Model

M1 X5X5X7 A X1X8X
†
7 M10 X7X8X8X1

M2 X4X4X7 B X3X4X
†
7 M11 X5X5X4X3

M3 X7X7X8 C X3X8X
†
4 M12 X5X5X8X1

M4 X6X6X8 D X5X2X
†
7 M13 X4X4X5X2

M5 X5X5X5X2 E X8X2X
†
5 M14 X4X4X5X3

M6 X4X4X4X2 F X2X2X
†
1 M15 X4X4X8X1

M7 X4X4X4X3 G X3X3X
†
1 M16 X4X7X8X3

M8 X7X7X7X
†
1 M17 X5X7X7X

†
2

M9 X6X6X6X
†
1 M18 X4X7X7X

†
3

add just one scalar and achieve that end. Here we enu-
merate all the possible B and/or L violating interactions
that appear in mass dimension of four or less without re-
gard to the number of di↵erent scalars that can appear.
With three di↵erent scalars we can produce |�L| = 2
processes that also couple to quarks, and we study the
connections between |�B| = 2 and |�L| = 2 processes
explicitly.
We begin by fleshing out the precise interactions indi-

cated in Table I. Specifically, the possible scalar-fermion
interactions mediated by each Xi are

�gab1 X1(e
aeb) , �gab2 X2(L

a"Lb) ,

�gab3 XA
3 (La⇠ALb) ,�gab4 X↵�A

4 (Qa
↵⇠

AQb
�) ,

�gab5 X↵�
5 (Qa

↵"Q
b
�) , �g0ab5 X↵�

5 (ua
↵d

b
�) ,

�gab6 X6↵(d
a
�d

b
�)"

↵�� , �gab7 X↵�
7 (da↵d

b
�) ,

�gab8 X↵�
8 (ua

↵u
b
�) , (1)

where " = i⌧2 is a totally antisymmetric tensor, ⇠A ⌘

((1 + ⌧3)/2, ⌧1/
p
2, (1� ⌧3)/2), and ⌧A are Pauli matri-

ces with A 2 1, 2, 3. We note "⌧A was used in place of ⇠A

in Ref. [4], but that choice couples a single component
of the scalar weak triplet to fermion states of di↵ering
total electric charge, incurring couplings that break elec-
tric charge conservation. The Greek indices are color
labels, and we employ the SU(3) notation of Ref. [44] for
fundamental and complex conjugate representations. We
adopt 2-spinors such that the fermion products in paren-
theses are Lorentz invariant, and we map to 4-spinors
via (uL,R↵dL,R�) ! (uT

↵CPL,Rd�) where C = i�2�0 and
PL,R = (1⌥ �5)/2 in Weyl representation [45].
Possible baryon-number and/or lepton-number violat-

ing processes. We now turn to the possible minimal
scalar interactions that mediate either baryon and/or lep-
ton number violation but conserve SM gauge symmetries.

Qem = T3 + Y

[?: a⟷b symmetry]Note powerful reduction of # of “short distance” 
mechanisms in 0νββ decay [X.Yan (DBD 2018) & SG] 
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A Sample Model 

Each term has mass dimension ≤ 4

But can generate higher mass-dimension operators at 
low energies to realize , , 
and   processes

nn̄ oscillations e−p → e+p̄
π−π− → e−e− (0νββ)

Other models, and other connections, are possible.

ℒ1,7,8 ⊃ − gab
1 X1(eaeb) − gab

7 Xαβ
7 (da

αdb
β) − gab

8 Xαβ
8 (ua

αub
β)

−λ3Xαα′ 

7 Xββ′ 

7 Xγγ′ 

8 ϵαβγϵα′ β′ γ′ 
− λ10Xαα′ 

7 Xββ′ 

8 Xγγ′ 

8 X1ϵαβγϵα′ β′ γ′ 

−λAXαα′ 

8 (Xαα′ 

7 )†X1 + H . c .

The visibility of these processes is determined by the scalar 
masses and couplings. 



Flavor Physics Constraints
Would seem to push new scalars to high scales 

An alternate solution is to pick the flavor structure of the couplings. 

ℒ5,7 ⊃ − gab
5 Xαβ

5 (Qa
αεQb

β) − g′ 
ab
5 Xαβ

5 (ua
αdb

β) − gab
7 Xαβ

7 (da
αdb

β)

−λ1Xαα′ 

5 Xββ′ 

5 Xγγ′ 

7 ϵαβγϵα′ β′ γ′ 

An example with two : 6̄′ s

• supports  oscillations 

•  itself has L, R couplings & thus yields a large n EDM    
contribution at one-loop via the  quark [“light” ]

•  also yields  and  mixing
•  itself contributes to  mixing

nn̄

X5
t M5 ⟹ φCP ≪ 1

X5 K0 − K̄0 D0 − D̄0

X7 K0 − K̄0

[Arnold, Fornal, Wise, PRD, 2013]

|δ | = ⟨n̄ |ℋeff |n⟩ ≈
2λ1β2 | (g′ 

11
5 )2g11

7 |

3M5
4M7

2

Could choose
M7 ≫ M5!

|δ | → M5 = M7 ≳ 500 TeV



Doubly-Charged Higgs Constraints

such as those from μ → eee and μ → eγ also cannot be
used to constrain the element ðfRÞee, as they depend also on
other entries of the fR matrix like ðfRÞeμ that—in this
scenario—are not connected to ðfRÞee through neutrino
properties. Thus, we consider other observables that
depend directly on ðfRÞee.
The heavy H##

R in the t-channel could mediate the
Bhabha scattering eþe− → eþe− and interfere with the SM
diagrams mediated by either s or t-channel γ=Z. This alters
both the total cross section and the differential distributions.
If the Yukawa coupling ðfRÞee is of order one, H##

R could
be probed up to the TeV scale [111,112]. By Fierz trans-
formations, the coupling ðfRÞee of H##

R contributes to the
effective four-fermion contact interaction

1

Λ2
eff

ðēRγμeRÞðēRγμeRÞ; ð22Þ

and is thus constrained by the LEP eþe− → eþe− data [58]
with Λeff ≃MH##

R
=jðfRÞeej corresponding to the effective

cutoff scale. It turns out the LEP data in Ref. [58] set more
stringent limits than those in Refs. [111,112] and requires
that Λeff ≃MH##

R
=ðfRÞee > 1.5 TeV, somewhat weaker

than the MOLLER sensitivity in Eq. (4). The correspond-
ing LEP limit on the doubly-charged scalar massMH##

R
and

the coupling jðfRÞeej is shown in Fig. 8 as the orange curve.
In the LRSM, the doubly-charged scalar H##

R could
decay into a pair of same-sign charged leptons H##

R →

l#
α l#

β or into a pair of (off-shell) heavyWR bosonsH##
R →

W#ð%Þ
R W#ð%Þ

R (note that the singly-charged component
from ΔR is eaten by the heavy WR boson after symmetry
breaking) [72]. The current K and B meson oscillation data
require that the WR boson is heavier than roughly 3 TeV
[97,113]; thus a TeV-scale (or lighter) doubly-charged
scalar H##

R decays predominantly into same-sign dilepton

pairs for a sizable Yukawa coupling ðfRÞαβ, and the most
stringent dilepton limits are from the LHC 13 TeV data
[56,57]. If H##

R decays predominantly into e#e# pairs, its
mass is required to be larger than 657 GeV, which is
indicated by the vertical red line in Fig. 8. Note that the
coupling of H##

R to the SM Z boson is proportional to
−2 sin2 θW , which leads to a destructive interference
between the SM photon and Z-exchange amplitudes. On
the other hand, in the case of H##

L , the coupling to the Z
boson is proportional to 1–2sin2θW , and the constructive
interference of the SM photon and Z diagrams renders the
limits more stringent.

FIG. 7. The scatter plots of 0νββ decay constraints on the RH doubly-charged scalar massMH##
R

and the Yukawa coupling jðfRÞeej in
the parity-violating LRSM with neutrino spectrum of NH (left) and IH (right) and with vR ¼ 5

ffiffiffi
2

p
TeV. All the gray points (regions

above the long-dashed red line) are excluded by either KamLAND-Zen [60] or GERDA [61] data, while those in blue are allowed.
Below the short-dashed red line, the contribution ofH##

R to 0νββ decays is sub-dominant to the canonical light neutrino Majorana mass
contribution. The brown region at top is excluded by the perturbativity requirement: jðfRÞeej <

ffiffiffiffiffi
4π

p
.

FIG. 8. MOLLER prospect for the RH doubly-charged scalar
massMH##

R
in the parity-violating LRSM and the coupling jðfRÞeej

(dashed purple line). We also show the same-sign dilepton limits
from LHC 13 TeV assuming H##

R decaying predominantly into
electrons [56,57] (red), LEP eþe− → eþe− limit [111] (orange),
and 0νββ limits from current KamLAND-Zen [60] and GERDA
data [61] (solid brown), as well as the future projection, both
assuming an IH for the light neutrino spectrum. For theNHcase, the
0νββ limit is slightly weaker (see Fig. 7). The dark gray region is
excluded by the perturbativity limit jðfRÞeej <

ffiffiffiffiffi
4π

p
.

DEV, RAMSEY-MUSOLF, and ZHANG PHYS. REV. D 98, 055013 (2018)

055013-10

R (or L)-handed SU(2) triplets that carry lepton #

[Dev, Ramsey-Musolf, Zhang, PRD, 2018]

X3

Bhabha

LHC

But what are the constraints on  and ?X1 X3
Are lighter masses possible?
CMS search; cannot look at l+l+ invariant masses < 8 GeV
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1 Introduction

Some theories beyond the Standard Model predict the existence of doubly-charged Higgs bosons,
H±±, including in Left-Right Symmetric models [1], Higgs Triplet models [2], and little Higgs
models [3]. It has been particularly emphasized that a see-saw mechanism used to obtain light
neutrinos in a model with heavy right-handed neutrinos can lead to a doubly-charged Higgs
boson with a mass accessible to current and future colliders [4].

A review of experimental constraints on doubly-charged Higgs bosons is presented in [5].
The pair production of doubly-charged Higgs bosons has been considered in a previous OPAL
publication [6], where masses less than 98.5 GeV are excluded for doubly-charged Higgs bosons
in Left-Right Symmetric models. DELPHI has obtained a limit of 97.3 GeV, independent of the
lifetime of the H±± [7].

It has been noted that doubly-charged Higgs bosons may be singly produced in eγ collisions,
including in e+e− collisions where the γ is obtained from radiation from the other beam particle
[8, 9]. The diagrams for the direct production are shown in Figure 1.

+

-

e

e
e

H--

+

e+
γ,Z

+

-

e

e

e+
γ,Z

H--
e+

+

-

e

e

e+
γ,Z

e+
H--

Figure 1: Feynman diagrams contributing to the single production of H−− bosons in e+e−

collisions. The three additional diagrams with “crossed” e+ lines are not shown.

Doubly-charged Higgs bosons would decay into like-signed lepton or vector boson pairs, or
to a W boson and a singly-charged Higgs boson. For masses less than twice the W boson mass,
they would decay predominantly into like-signed leptons. Furthermore, in most models the
WW branching fraction is negligible even for larger masses [9], therefore the dominant decay
mode, even for masses larger than twice the W boson mass, is the decay to like-signed leptons.
Since the H±± naturally violates lepton number conservation, it can have mixed lepton flavour
decay modes. Additionally, the Yukawa coupling of the H±± to the charged leptons h!! is model
dependent, and is not generally determined directly by the lepton mass, so decays to all lepton
flavour combinations need to be considered. It should be particularly noted that mixed lepton
flavour decays are severely constrained by rare decay searches such as µ+ → e+e+e− and µ → eγ.

In this paper, we search for the single production of doubly-charged Higgs bosons, assuming
the decays H±± → "±"′± using 600.7 pb−1 of e+e− collision data with centre-of-mass energies√
s = 189–209 GeV collected by the OPAL detector. Since the production cross-section depends

3

only on hee, the Yukawa coupling of the H±± to like-signed electron pairs, the search is sensitive
to this quantity.

We assume that the decay of a doubly-charged Higgs boson into a W boson and a singly-
charged Higgs boson is negligible. We consider an H±± which couples to right-handed particles,
but the results of the direct search quoted here are also valid for an H±± which couples only to
left-handed particles [9]. All lepton flavour combinations are considered in the H±± decay (ee,
µµ, ττ , eµ, eτ , µτ). The lifetime of the H±± can be important, and in particular is non-negligible
for h!! < 10−7; however, our search is not sensitive to such small Yukawa couplings.

A doubly-charged Higgs boson would also affect the Bhabha scattering cross-section via the
t-channel exchange diagram shown in Figure 2, causing a change in rate and in the observed
angular distribution of the outgoing electron. Constraints have been derived for this process
using data from lower energy colliders [5], but not previously from LEP.

+

-

e

e

e
H--

e

-

+

Figure 2: Feynman diagram contributing to the process e+e− → e+e− due to doubly-charged
Higgs boson t-channel exchange.

In addition to the direct search results introduced above, we also derive indirect constraints
on hee, the Yukawa coupling of H±± to electrons, using the differential cross-section of wide-angle
Bhabha scattering measured by OPAL in 688.4 pb−1 of data collected at

√
s = 183–209 GeV.

2 OPAL Detector

The OPAL detector is described in detail in [10]. It is a multipurpose apparatus with almost
complete solid angle coverage. The central detector consists of a silicon micro-strip detector and
a system of gas-filled tracking chambers in a 0.435 T solenoidal magnetic field which is parallel
to the beam axis. A lead-glass electromagnetic calorimeter with a presampler surrounds the
central detector. In combination with the forward calorimeters, the forward scintillating-tile
counters, and the silicon-tungsten luminometer, a geometrical acceptance is provided down to
25mrad from the beam direction. The silicon-tungsten luminometer measures the integrated
luminosity using small-angle Bhabha scattering events. The magnet return yoke is instrumented
for hadron calorimetry, and is surrounded by several layers of muon chambers.

3 Direct Search

3.1 Data Samples and Event Simulation

The data samples are summarised in Table 1.
The process e+e− → e∓e∓H±± is simulated with the PYTHIA6.150 [11] event generator. In

the simulation, the Equivalent Photon Approximation (EPA) is used to give an effective flux
of photons originating from the electrons or positrons. The upper limit of the virtuality Q2 of
the photon is given by the scale of the hard scattering process1. The process e±γ → e∓H±± is

1Q2 is the negative squared four-momentum transfer.
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Search for the Single Production of
Doubly-Charged Higgs Bosons and

Constraints on their Couplings from Bhabha
Scattering

The OPAL Collaboration

Abstract

A search for the single production of doubly-charged Higgs bosons is performed using
e+e− collision data collected by the OPAL experiment at centre-of-mass energies between
189 GeV and 209 GeV. No evidence for the existence of H±± is observed. Upper limits
are derived on hee, the Yukawa coupling of the H±± to like-signed electron pairs. A 95%
confidence level upper limit of hee < 0.071 is inferred for M(H±±) < 160 GeV assuming that
the sum of the branching fractions of the H±± to all lepton flavour combinations is 100%.
Additionally, indirect constraints on hee from Bhabha scattering at centre-of-mass energies
between 183 GeV and 209 GeV, where the H±± would contribute via t-channel exchange,
are derived for M(H±±) < 2 TeV. These are the first results both from a single production
search and on constraints from Bhabha scattering reported from LEP.

Submitted to Phys.Lett.B

inclusion of a propagator term. For comparison with the experimental data, QED radiative
corrections are applied to the Born level terms for doubly-charged Higgs boson exchange and
interference with Standard Model processes given in [5] using the program MIBA [30]. Initial
state radiation is calculated up to O(α2) in the leading log approximation with soft photon ex-
ponentiation, and the O(α) leading log final state QED correction is applied. The BHWIDE [21]
program is used to calculate the Standard Model contribution to the differential cross-section.
The theoretical predictions are calculated using the same acceptance cuts as are applied to the
data.

This analysis uses OPAL measurements of the differential cross-section for e+e− → e+e−

at centre-of-mass energies of 183–209 GeV [31, 32]. The data between 203 GeV and 209 GeV
are grouped into two sets with mean energies of approximately 205 GeV and 207 GeV. The
total integrated luminosity of the data amounts to 688.4 pb−1. These measurements cover the
range | cos θ| < 0.9, in 15 bins of cos θ (as defined in [32]), and correspond to θacol < 10◦ where
θacol is the acollinearity angle between electron and positron. It is verified that the effect of
doubly-charged Higgs boson exchange on the low-angle Bhabha scattering cross-section has a
negligible effect on the luminosity determination even for values of hee a few times larger than
excluded by this measurement.

The measured differential cross-sections are fitted with the theoretical prediction using a
χ2 fit. The fit is performed for fixed values of the doubly-charged Higgs boson mass between
80 GeV and 2000 GeV, allowing the square of the coupling, h2ee, to vary. Although only h2ee > 0
is physically meaningful, in order to allow for the case where the data fluctuate in the opposite
direction to that expected for doubly-charged Higgs boson exchange, both positive and negative
values of h2ee are allowed in the fit. Experimental and theoretical systematic uncertainties and
their correlations are treated as discussed in [32]. The fitted values of h2ee are consistent with
zero for all masses, indicating that the data are consistent with the Standard Model prediction.
For example, for a mass of 130 GeV the fitted value of h2ee is 0.003±0.011, and the fit has a χ2 of
97.0 for 119 degrees of freedom. Figure 7 shows the ratio of the measured luminosity-weighted
average differential cross-section at 183–207 GeV to the Standard Model prediction, together
with the results of the fit. 95% confidence level limits on the coupling as a function of mass were
derived by integrating the likelihood function obtained from χ2 over the region h2ee > 0, and are
shown in Figure 8. The limits are considerably more stringent than those derived from PEP
and PETRA data [5]. Figure 9 shows the limits from the indirect search together with those
from the direct search. The indirect limits are less restrictive than those from the direct search
at low masses, but extend to much higher masses.

5 Conclusion

A direct search for the single production of doubly-charged Higgs bosons has been performed. No
evidence for the existence of H±± is observed. Upper limits are determined on the Higgs Yukawa
coupling to like-signed electron pairs, hee. A 95% confidence level upper limit of hee < 0.071
is inferred for M(H±±) < 160 GeV assuming that the sum of the branching fractions of the
H±± to all lepton flavour combinations is 100%. Additionally, indirect constraints on hee for
M(H±±) < 2 TeV are derived from Bhabha scattering where the H±± would contribute via t-
channel exchange for M(H±±) < 2 TeV. These are the first results on both the single production
search and constraints from Bhabha scattering reported from LEP.

Acknowledgements

The authors would like to thank André Schöning for suggesting that we perform this search,
Steve Godfrey and Pat Kalyniak for valuable discussions and assistance during the preparation
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Bhabha Scattering
Constrains doubly charged scalars (here )H−−

Direct

[Abbiendi et al., OPAL, PLB, 2003]

Indirect

Abstract:

lower assumed mass limit in each case
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP/2001-082
November 16th, 2001

Search for Doubly Charged Higgs Bosons with
the OPAL detector at LEP

The OPAL Collaboration

Abstract

A search for pair-produced doubly charged Higgs bosons has been performed using data
samples corresponding to an integrated luminosity of about 614 pb−1 collected with the OPAL
detector at LEP at centre-of-mass energies between 189 GeV and 209 GeV. No evidence for a
signal has been observed. A mass limit of 98.5 GeV/c2 at the 95% confidence level has been set
for the doubly charged Higgs particle in left-right symmetric models. This is the first search for
doubly charged Higgs bosons at centre-of-mass energies larger than 91 GeV.

To be submitted to Phys. Lett. B

1

luminosity of about 614 pb−1. A complete description of the OPAL detector can be found in [11,
12, 13].

2 Monte Carlo Simulation

Monte Carlo samples are used to model the pair production of doubly charged Higgs bosons as well
as to estimate the expected background due to Standard Model processes.

The simulation of the signal events with one non-zero h!!′ coupling at a time and with zero lifetime
has been done with the Monte Carlo generator PYTHIA [14] modified according to [5]. H++H−−

events have been generated for various mass points ranging from 45 GeV/c2 to half the centre-of-
mass energy,

√
s. At each point on the (MH,

√
s) plane, 10000 events for each of the six H±± → !±!±

decays have been generated.

The main sources of background arise from Standard Model four-fermion final states (e+e− → 4f)
and a small contribution from two-photon (e+e− → γγ → hadrons, !+!−) and two-fermion (e+e− →
Z → ff) processes. For two-photon processes, the PHOJET [15], PYTHIA [14], and HERWIG [16]
generators have been used to simulate hadronic final states. The Vermaseren [17] generator has
been used to estimate the background contribution from all two-photon e+e−!+!− final states. All
other four-fermion final states have been simulated with grc4f [18]. For the two-fermion final states,
BHWIDE [19] was used for the ee(γ) final state, and KORALZ [20] and KK2f [21] for the µµ and
ττ states. The multi-hadronic events, qq(γ), were simulated using PYTHIA and KK2f.

All events were processed through the full simulation of the OPAL detector [22], with the same
analysis chain being applied to simulated events and to data.

3 Data Analysis

The final states resulting from e+e− → H++H−− processes followed by H±± → !±!± decays consist of
four leptons. Two different analyses are applied depending on the decay assumed: for H±± → τ±e±,
τ±µ± or τ±τ±, a selection for four lepton candidates plus missing energy (resulting from the decays
of the tau leptons) is applied, while for H±± → e±e±, µ±µ± or e±µ±, a selection for four leptons
(electrons or muons) without missing energy is used. Although lepton identification is used in the
event selection, it is not used for splitting the selected events into the different channels within the
two analyses.

The analyses are similar to the R-parity violation search [23, 24] that considers four leptons with
or without missing energy topologies. These event selection procedures are described in detail in
[23, 24] and are only briefly outlined below. The cut values used in the present analysis are optimized
for the searches for H±± → τ±τ± (in the missing energy analysis) and for H±± → e±e± (in the no
missing energy analysis). The selections are then applied as such for the other channels considered,
and the efficiencies are calculated separately for each channel.

The visible energy and the momentum of the event are calculated using the method described in [25].
A preselection is applied, consisting of

• Data quality requirements as described in [26];
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Re ce ive d 27 Augus t 1992 

A search for the  de ca y of the  Z ° into doubly charged Higgs  bos ons  (H ±± ) de ca ying to same-s ign le pton pa irs  is  pre - 
s e nte d us ing da ta  colle cte d with the  OP AL de te ctor a t LEP , with a n inte gra te d luminos ity o f 6.8 pb - l . Four-tra ck fina l 
s ta tes  from prompt decays , a nd e ve nts  with a t leas t one  highly ionizing tra ck from long-lived H ±+ we re  sought. H ±± 
a re  e xclude d in the  mass  range  from ze ro to 45.6 Ge V/c  2 a nd for a  coupling cons ta nt range  tha t e xte nds  down to ze ro. 
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[Abbiendi et al., OPAL, PLB, 2001]

[Acton et al., OPAL, PLB, 1992]They study all  states!IL
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Z Decay Studies
[Acton et al., OPAL, PLB, 1992]

Volume  295, numbe r 3,4 PHYSICS LETTERS B 3 December 1992 

8. Limits  a s  a function o f Hig g s  ma s s  and gee  

In  the  s e a rch  for s ho rt-live d  H ±±, the  m in im u m  
n u m b e r  o f e xpe c te d  e ve n ts  re q u ire d  to  e xc lude  the  
H i±  a t the  95% c o n fid e n c e  le ve l wa s  ca lcu la te d  
fo llowing  the  re c o m m e n d a tio n  o f the  P a rtic le  Da ta  
G ro u p  (s e e  e xp re s s ion  (2 .30 ) o n  pa ge  III.40  o f re f. 
[1 2 ]).  With  the  e xpe c te d  n u m b e r  o f b a c kg ro u n d  
e ve n ts  ta ke n  a s  3.1 (the  n u m b e r  o f e xpe c te d  ba ck- 
g ro u n d  e ve n ts  re d u c e d  b y o n e  s ta n d a rd  d e via tio n ) 
a n d  with  two o b s e rve d  e ve n ts ,  th is  c a lc u la tio n  yie lds  
a  va lu e  o f 4.4, wh ich  wa s  u s e d  a cros s  the  H i±  ma s s  
ra nge . Mo n te  Ca rlo  c a lc u la tio n s  we re  p e rfo rm e d  to  
d e te rm in e  the  n u m b e r  o f e xpe c te d  e ve n ts  a s  a  func- 
tio n  o f MH a n d  ge t. Th e  n u m b e r  o f e xpe c te d  e ve n ts  
wa s  re d u c e d  by 4% to  ta ke  in to  a c c o u n t the  s ys te m- 
a tic  e rro r o n  th is  n u m b e r.  Th e  e xc lu s ion  z o n e  wa s  
ta ke n  to  be  the  re g ion  in  the  MH-gte  p la n e  for wh ich  
the  n u m b e r  o f e xpe c te d  e ve n ts  wa s  g re a te r th a n  4.4. 

Th e  e xc lu s ion  re g ion  for the  proce s s  Z ° 
H+ + H - -  --0 ~ t ~ - t ~  (~ = e ,# ,  r) fo r s ho rt-live d  
H i±  is  la be le d  a s  "A" in  fig. 3. It e xte nds  fro m  the  
H ± ± ~  t ~  th re s h o ld  to  a n  u p p e r lim it o f 45 .6  
G e V/c  2, p rim a rily d e te rm in e d  by the  fa lling  cros s  
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Fig. 3. The  H i±  exclus ion regions  in the  MH-gtt plane . 
The  unha s he d zones  show the  regions  excluded a t the  95% 
confidence  leve l. The  regions  labe led by "A" a re  excluded 
by the  search for the  short-lived H i± .  Those  labe led by 
"B" (which e xte nd down to gee = 0 ) a re  excluded by the  
search for the  long-lived H ±± . H ±± with mass  less  tha n 25.5 
Ge V/c 2 (I L = 0 )o r  30.4 Ge V/c 2 (I L = ± l) a r e  excluded 
by me a s ure me nts  of Fz0, as  indica te d by the  dotte d lines . 

s e c tion  for Z ° ~ H+ + H - - .  Th e  b o u n d a ry o f the  
e xc lude d  re g ion  a t s ma ll get in  the  fou r-le p ton ,  s hort 
H ±± life time  s e a rch  is  d e te rm in e d  by the  e ffic ie ncy 
o f the  fou r-tra ck cu t s ince , a s  gee de cre a s e s , the  H +± 
life time  incre a s e s , a n d  the  fra c tio n  o f e ve n ts  pa s s ing  
th is  cu t fa lls . Th e  e xc lus ion  z o n e  is  s h o wn  for b o th  
I#  = +1  a n d l # = 0. 

Th e  s e a rch  for long-live d  H ±± in c lu d e s  the  fina l 
s ta te s  whe re  one , o r bo th ,  o f the  H ++ e s ca pe  the  je t 
c h a m b e r with o u t de ca ying . In  th is  ca s e , the  ma s s  ra nge  
e xte nds  fro m  twice  the  e le c tron  ma s s  to  a n  u p p e r lim it 
o f 45.6 Ge V/c 2. Th e  u p p e r gee b o u n d a ry o f the  e x- 
c lude d  re g ion  is  d e te rm in e d  by the  H i±  life time : a s  
gee incre a s e s , the  H ±± life time  de cre a s e s , a n d  with  it 
the  like lihood  tha t o n e  o f the  H i±  fu lly tra ve rs e s  the  
tra cking  c h a m b e r with o u t de ca ying . Th e  e xc lude d  re - 
g ion  in  the  (Ms ,gee) p la n e  for th is  c h a n n e l is  la be le d  
a s  "B" in  fig. 3. 

Th e  e xc lus ion  re g ions  for the  s hort a n d  long -live d  
H i±  a re  in s e n s itive  to  inc re a s e s  in  the  s ize  o f the  
da ta  s a mple : a t h igh ma s s  the y a p p ro a c h  the  kin e m a tic  
limit,  while  for gee ~ 10 -7 , the  in s e n s itivity is  d u e  to  
the  s te e ply fa lling  a cce p ta nce  fu n c tio n s .  

Th e  e xis te nce  o f the  de ca y m o d e  Z ° ~ H+ + H - -  
wo u ld  inc re a s e  the  to ta l wid th  o f the  Z ° re la tive  to  
the  s ta n d a rd  m o d e l p re d ic tio n .  The re fo re ,  the  va lu e  
o f Fz ~eas - FzS0 M, whe re  Fz~ eas is  the  m e a s u re d  wid th  
o f the  Z ° [21 ], a n d  FzS0 M is  the  s ta n d a rd  m o d e l p re - 
d ic tio n  o f the  Z ° wid th  [22],  g ive s  a  lowe r b o u n d  o n  
the  H i±  ma s s . Th e  p re d ic tio n  is  a  fu n c tio n  o f the  u n - 
kn o wn  p a ra m e te rs  a s , Mt a n d  MH0 (the  s trong  cou- 
p lin g  c o n s ta n t,  the  top  ma s s  a n d  the  ma s s  o f the  s ta n - 
d a rd  m o d e l Higgs  b o s o n ).  The s e  we re  va rie d  in  the  
ra nge s  0.11 ~< a s  ~< 0.13, 89.0 ~< Mt ~< 200 G e V/c  2 
a n d  50.0 ~ MH0 ~< 1000 G e V/c  2, a n d  the  va lue s  tha t 
m in im iz e d  Fz TM we re  us e d  to  o b ta in  a  c o n s e rva tive  
lim it.  Th e  d iffe re nce  b e twe e n  the  m e a s u re m e n t a n d  
the  p re d ic tio n  is  le s s  th a n  40 Me V/c  2 a t the  95% confi- 
de nce  le ve l. Th e  b o u n d  o n  the  H i±  wid th  is  o b ta in e d  
by s e tting  the  p a rtia l wid th  for Z ° -~ H+ + H - -  to  40 
Me V/c  2 which  yie lds  a  lowe r b o u n d  o f 25.5 G e V/c  2 
for I L = 0, a n d  30.4 G e V/c  2 for 13 L = + l.  

A s ma ll a re a  for MH gre a te r th a n  the  lowe r b o u n d s  
d e rive d  from Fz0 is  n o t e xc lude d  b y e ithe r the  s hort- 
live d  o r the  long -live d  s e a rch. Th is  a re a  c o rre s p o n d s  
to  H ±± life time s  too  s hort for the  H i±  to  le a ve  a  
s ize a b le  tra ck, b u t s u ffic ie n tly long  for the  tra cks  o f 
the  de ca y p ro d u c ts  to  fa il the  Id01 cut. 
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ra nge s  0.11 ~< a s  ~< 0.13, 89.0 ~< Mt ~< 200 G e V/c  2 
a n d  50.0 ~ MH0 ~< 1000 G e V/c  2, a n d  the  va lue s  tha t 
m in im iz e d  Fz TM we re  us e d  to  o b ta in  a  c o n s e rva tive  
lim it.  Th e  d iffe re nce  b e twe e n  the  m e a s u re m e n t a n d  
the  p re d ic tio n  is  le s s  th a n  40 Me V/c  2 a t the  95% confi- 
de nce  le ve l. Th e  b o u n d  o n  the  H i±  wid th  is  o b ta in e d  
by s e tting  the  p a rtia l wid th  for Z ° -~ H+ + H - -  to  40 
Me V/c  2 which  yie lds  a  lowe r b o u n d  o f 25.5 G e V/c  2 
for I L = 0, a n d  30.4 G e V/c  2 for 13 L = + l.  

A s ma ll a re a  for MH gre a te r th a n  the  lowe r b o u n d s  
d e rive d  from Fz0 is  n o t e xc lude d  b y e ithe r the  s hort- 
live d  o r the  long -live d  s e a rch. Th is  a re a  c o rre s p o n d s  
to  H ±± life time s  too  s hort for the  H i±  to  le a ve  a  
s ize a b le  tra ck, b u t s u ffic ie n tly long  for the  tra cks  o f 
the  de ca y p ro d u c ts  to  fa il the  Id01 cut. 
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Thus it should be possible
to neutralize these effects
through model engineering
(higher dim. contact int.)
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agonally (in lepton flavor) to the charged-lepton sector.
In that case, very stringent limits can be obtained from
the existing limit on the branching ratio for the processp~ 3e.

A. Bhabha scattering
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Doubly charged Higgs scalars contribute to Bhabha
scattering at the tree level. As is shown in Fig. 3, this in-
volves the t-channel exchange of a 6 . If we assume
that M& is large as compared with the center-of-mass en-
ergy of the scattering process, the effective Hamiltonian
for this process can be written as
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FIG. 2. The 90%-confidence contours of Ma vs Qg„g„„and
g„ that are obtained from several processes. The limit that is
obtained from the published limit on muonium to antimuonium
conversion9 is shown as a dotted line (Qg„g„„is plotted along
the horizontal axis). The limit that is obtained from the
Bhabha-scattering data of several PEP and PETRA experiments
{Refs. 24—27) is shown as a solid curve {g„is plotted along the
horizontal axis). The coupling-independent limit that is ob-
tained from a measurement of four-lepton production {Ref. 35)
is shown as the horizontal dashed-dotted line. For reference,
the sizes of the coupling constants g, g', and e are indicated.
The strong-coupling limit occurs at the value &4m.
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where g is the SU(2) coupling constant and MB is the W-
boson mass.
Using Eq. (8), the current limit on GMM can be con-

verted into a limit on the ratio of couplings to M&.

geegpp (900002 C.L. ) .
M~

This limit is represented graphically in Fig. 2 as a con-
tour of Ma vs Qg„g„„. Note that some authors'6 ex-
pect that the coupling constants g&I could be as large or
larger than the electromagnetic coupling. To indicate the
mass limits that correspond to such statements, the
values of the coupling constants e, g', and g are shown in
the figure.

Equation (9) is identical to Eq. (6) except that the muon
labels have been replaced by electron labels. Performing
exactly the same mathematical transformations as were
applied to Eq. (6), the Hamiltonian can be written as
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+ A+ ( I+cos8)2],
where the coefficients A0, A, and A+ are defined as
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where we have chosen to express all fields as chiral fields.
The advantage of the form given by Eq. (10) is that it is

very similar to one used by Eichten, Lane, and Peskin
to describe quark and lepton compositeness. In fact, Eq.
(10) is identical to Eq. (1) of Ref. 23 if we choose the pa-
rameters of their model as follows: g&z = 1,
gLL =g&L=0, g =g„, and A=M&. It is then trivial to
extract the cross section for unpolarized Bhabha scatter-
ing from Eq. (2) of Ref. 23:

daoH;,(cos8) =
2
[420+ A (1—cos8)

III. OTHER VIRTUAL PROCESSES

Those processes that exhibit explicit lepton flavor
violation may be the most spectacular to contemplate but
are not necessarily the most sensitive ones to use in ex-
perimental searches. In many cases, the most sensitive
limits on new physical processes come from precision
measurements of rather mundane processes. The fol-
lowing section describes a study of the rather mundane

FIG. 3. The contribution of a doubly charged Higgs scalar to
Bhabha scattering.
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The various quantities used in Eq. (11) are defined as fol-
lows: O is the scattering angle in the c.m. frame, s is the
square of the c.m. -frame energy, t =—s(1—cos9)/2,
sz =s —Mz+iMzrz (Mz and rz are the mass aild
width of the Z, respectively), tz =t M—z+iMz I z,
g„=e tan8ii (e and 8tt are the electric charge and elec-
troweak mixing angle, respectively); and gt =—e cot28~.
Strictly speaking, Eq. (11) is valid only for the case

M& &)s. If s is comparable to or larger than M&, the
coeKcient A+ must be modified to account for the eff'ect
of the 6 propagator. The modification can be deter-
mined by performing the usual Fierz reordering and
transposition - of the charge-conjugate current on the
correct amplitudes (shown graphically in Fig. 3) rather
than on the Hamiltonian. Comparing these amplitudes
with those that are given by Eq. (10), we note that it is
only necessary to replace Mz by the expression M&—t'
where t ' =—s ( 1+cos 8)12.
Several e+e experiments [TASSO (Ref. 24), PLUTO

(Ref. 25), HRS (Ref. 26), and MAC (Ref. 27)] have
searched for the contact terms described in Ref. 23. All
of them have published 95%-confidence limits on the
composite mass scale A for the g~z =1 case. These can
easily be converted into limits on the ratio g„/Mt, in the
high-mass region. Unfortunately, they do not apply to
the lower-mass region, Mz & v's, where the Higgs-boson
propagator effects are large. Fortunately, however, all of
the above experiments have also published their mea-
sured cross sections. The following section discusses an
analysis of their data to extract a single 90%-confidence
region in g„-M& space.

o',„~,(cos8; )R,„,(cos9; )=
Cr@ED(cos9t )

(12)

where cosO; is a bin of scattering angle; o.„,is the mea-
sured differential cross section; and o.QED is the third-
order QED differential cross section from a calculation of
Berends and Kleiss. The data of both groups were
binned in exactly the same way: 19 bins from cosO=0.8
to cosO= —0.8. The measurements of the HRS Colla-
boration were presented as an absolutely normalized
differential cross section of 22 bins from cosO=0. 55 to
cosO= —0.55. There was sufficient information in their
paper to convert their measurements into the form given
by Eq. (12). The resolution of the MAC detector was not
adequate to reliably identify the signs of final-state elec-
trons. Their results were therefore given in bins of the
absolute value of the cosine of the scattering angle
~cos9;~ —=cos8;+cos( —9;). Their measurements were
presented as an absolutely normalized cross section in
nine bins from ~cos9~ =0.0 to cos8~ =0.9. As in the case
of the HRS measurements, it was straightforward to con-
vert the MAC measurements into the form given by Eq.
(12).
For each of the above measurements, the point-to-

point systematic uncertainties were added in quadrature
with the statistical error of each data point. In all cases,
the statistical error was the dominant component of the
total error. The overall normalizations of the four mea-
surements were determined by four diff'erent procedures.
Each group quotes a normalization uncertainty in the
range 1%—3%.
It is assumed in the following analysis that the size of

the radiative corrections that aff'ect the weak-neutral-
current and Higgs-boson-exchange processes are much
smaller than those associated with the underlying QED
process. In this approximation, the measured ratios
that are defined in Eq. (12) can be compared directly with
the quantity R„„,

Experimental results
o H; ,(cos9)R t„,(cos8)= 0 gED(cos9)

(13)

The parameters of the measurements of the Bhabha-
scattering cross section by the experiments at the SLAC
and DESY storage rings PEP and PETRA are given in
Table I.
The data of the two PETRA experiments (PLUTO and

TASSO) were presented in essentially identical formats.
Both groups published the differential cross section in an
absolutely normalized form and in a form that was nor-
malized to the expected QED cross section (including ra-
diative corrections). The latter form can be defined as

where crH;, is defined by Eq. (11) and where croED is the
tree-level QED cross section. Note that trQED is trivially
derived from Eq. (11)by setting g„=gt =g„=0.
The data were analyzed by performing a simultaneous
fit of R„„to the 69 measurements of R,„,from the

four experiments. The overall normalizations of the four
samples were allowed to vary as free parameters in all
fits. The analysis was performed in three steps to ensure
that the procedure is self-consistent.
The data were first fit to the form ofR„„that includes

Angular regionExperiment

TABLE I. A summary of several measurements of the cross section for Bhabha scattering.

&s (GeV) fL dt (pb) No. of events

PLUTO (Ref. 25)
TASSO (Ref. 24)
HRS (Ref. 26)
MAC (Ref. 27)

34.8
34.8
29.0
29.0

41.8
174.5
164.8
127.6

59238
166 348
84 423
584 267

—0.8 (cosO~ 0.8—0.8 ~ cos0(0.8—0.55 (cosO & 0.55
0.O& ~cose~ &0.9

Bhabha Scattering

Only holds for ;
otherwise,

   

M2
Δ ≫ s

M2
Δ → M2

Δ − t′ ;
t′ = − s(1 + cos θ)/2

Constrains doubly charged scalars (here ) 
also at lower energies

Δ ≡ H−−

[Swartz, PRD, 1989]
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where g is the SU(2) coupling constant and MB is the W-
boson mass.
Using Eq. (8), the current limit on GMM can be con-

verted into a limit on the ratio of couplings to M&.
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This limit is represented graphically in Fig. 2 as a con-
tour of Ma vs Qg„g„„. Note that some authors'6 ex-
pect that the coupling constants g&I could be as large or
larger than the electromagnetic coupling. To indicate the
mass limits that correspond to such statements, the
values of the coupling constants e, g', and g are shown in
the figure.

Equation (9) is identical to Eq. (6) except that the muon
labels have been replaced by electron labels. Performing
exactly the same mathematical transformations as were
applied to Eq. (6), the Hamiltonian can be written as
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where we have chosen to express all fields as chiral fields.
The advantage of the form given by Eq. (10) is that it is

very similar to one used by Eichten, Lane, and Peskin
to describe quark and lepton compositeness. In fact, Eq.
(10) is identical to Eq. (1) of Ref. 23 if we choose the pa-
rameters of their model as follows: g&z = 1,
gLL =g&L=0, g =g„, and A=M&. It is then trivial to
extract the cross section for unpolarized Bhabha scatter-
ing from Eq. (2) of Ref. 23:

daoH;,(cos8) =
2
[420+ A (1—cos8)

III. OTHER VIRTUAL PROCESSES

Those processes that exhibit explicit lepton flavor
violation may be the most spectacular to contemplate but
are not necessarily the most sensitive ones to use in ex-
perimental searches. In many cases, the most sensitive
limits on new physical processes come from precision
measurements of rather mundane processes. The fol-
lowing section describes a study of the rather mundane
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Bhabha scattering.

Bhabha Scattering [Swartz, PRD, 1989]

Light doubly-charged singlet  &  possibleX1 X3
Possible
after model 
engineering?

F. LeDiberder, 
Ph.D. thesis,  
Orsay, 1988
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Phenomenology of New Scalars
Constraints from many sources — Focus on first generation

ii) Collider constraints

iii) P. V. Møller scattering

iv)

v) Nuclear stability

vi)
      

FIG. 1: Feynman diagrams that can give rise to the electron MDM, where l denotes a
charged lepton, ⌫ is a neutrino, and X denotes the new scalar.

or one electron and one electron neutrino. In the first case, similar to X1, X3 can contribute
to electron MDM through both diagrams. In the later case, however, because neutrino
is neutral, only Fig. 1(b) can make contribution. Current experimental upper bound for
�(g � 2)e through process e ! e� is 2.6⇥ 10�13 [7], which sets limits on M

0
1/
p
|g111 | � 75.76

GeV and M
0
3/
p
|g113 | � 65.11 GeV.

It should be pointed out that besides electron MDM, X1 and X2 can also mediate muon
MDM, we, however, ignore it simply because we focus on the first generation of fermion. We
leave the beyond the first generation case for future work.

3. Permanent electric dipole moment constraints

Note chiral flip is necessary, and only X5 can couple to both left- and right-handed quarks.
However, quarks involve more than one generation.

4. Constraints from flavor-changing processes

In addition to anomalous magnetic moment, the first three interactions listed in Eq. (1)
can mediate lepton flavor violating processes, too. Popular process include: (1) tree-level
lepton family number violating µ and ⌧ decays, i.e., l�a ! l

+
b l

�
c l

�
d , where a, b, c, and d are

generation indices; (2) muonium-antimuonium oscillations, i.e., µ+
e
� ! µ

�
e
+; (3) (µ� e�)-

type processes, e.g., ⌧ ! e� etc.; (4) la ! ⌫alb⌫̄b decays. However, since these processes
involves leptons of more than first generation, we leave them to future work, too.

Some of the most stringent constraints on new scalars can come from flavor changing
processes, such as neutral meson mixing, such as K � K̄, Bd,s� B̄d,s, and D� D̄ mixing, and
electric dipole moments, which all can be mediated through the rest of interactions listed in
Eq. (1). Since these neutral meson mixing involve quarks of more than first generation, as
the dilepton cases above, we ignore their constraints for now and leave them in future work.
As for the electric dipole moment of quarks, we here ignore it by assuming all couplings
constants gi in Eq. (1) to be real.

4

i) 

u-u

HH

CMS:  l+l+ search; cannot look at invariant masses 
below 8 GeV ATLAS: dijet studies “weaker”…

MX1,3/g1,311  < 2.7 TeV @ 90%CL [E158] (if “heavy”)

SuperK: pp→e+e+

Beware galactic magnetic fields!

Few GeV mass window possible

(g-2)e (superseded by Møller, save for light masses)
Light mass solution to Δae puzzle

annihilation

[S.G. & Xinshuai Yan,  1907.12571]

vii) H stability
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[S.G. & Xinshuai Yan, 1907.12571]

 Δae Solutions Confront PVES
Doubly Charged Scalars Appear in s-Channel

X1

X3

Also subject to (KLOE-2) α running constraint
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Connecting |ΔB|=2 to |ΔL|=2…
An example…

u-u e- p → e+ p−
“M3” “M10”

“Oscillation” “Conversion”
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Connecting |ΔB|=2 to |ΔL|=2…

“A”

π-π-→e-e-

“Everything not forbidden is compulsory” [M. Gell-Mann, 
                                                                                     after T.H. White]
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On Neutrinoless Double Beta 
(0ν ββ) decay

If observed, the ν has a Majorana mass

(or π- π-      e- e- )

d

d u

u

e−

e−
ν

W−

W−

(a)
d

d
u

u

e−

e−
ν

W−

(b)

d

d
u

u

e−

e−
ν

(c)

d

d

u

u

e−

e−

(d)

Figure 2: Different contributions to 0νββ : (a)-(c) A light neutrino is exchanged between two point-
like vertices, which are classified as “long-range”. (d) Contributions mediated by heavy particles
are classified as “short-range”. Diagram (a) corresponds to the mass mechanism — the standard
interpretation of 0νββ with Majorana neutrino propagation. See main text for details.

2 Model-independent parametrisation of the 0νββ decay

rate

A general Lorentz-invariant parametrisation of new physics contributions to 0νββ has been developed
in [37,38]. This formalism allows to derive limits on any LNV new physics contributing to 0νββ decay
without recalculation of nuclear matrix elements. In order to make contact with this formalism, we
recapitulate the main results and definitions of [37, 38] in this section. The total amplitude of 0νββ
is most conveniently divided into two parts: Long-range and short-range contributions, see Fig. 2.

2.1 Long-range contributions

Consider first the long-range part. Here, we can sub-divide the amplitudes into parts (a)-(c) as
shown in the figure. In case (a), a massive Majorana neutrino is exchanged between two SM charged
current vertices, while cases (b) and (c) contain one and two (unspecified) non-standard interactions
respectively, indicated by the black blobs.

At low energy, we can write the relevant part of the effective Lagrangian with the leptonic (j)
and hadronic (J) charged currents as

L4-Fermi = LSM + LLNV

=
GF√
2

[

jµV−AJV−A,µ +
∑

α, β != V −A

εβα jβJα

]

. (2)

Here, we follow the notations of j and J adopted in [38], which are6

Jµ
V±A = (JR/L)

µ ≡ uγµ(1± γ5)d , jµV±A ≡ eγµ(1± γ5)ν , (3)

JS±P = JR/L ≡ u(1± γ5)d , jS±P ≡ e(1± γ5)ν ,

Jµν
TR/L

= (JR/L)
µν ≡ uγµν(1± γ5)d , jµνTR/L

≡ eγµν(1± γ5)ν ,

6Note that the difference in normalisation of Eq. (3) and the normal convention for L/R in particle physics leads
to various powers of two, see appendix, when relating models with the εβα of Eq. (2).

4

[Schechter & Valle, 1982]

O / ūūddēē

          can be mediated by a dimension 9 operator: 

“long range” “short range”
[Bonnet, Hirsch, Ota, & Winter, 2013]

“mass mechanism”

0ν ββ



• The discovery of B-L violation would reveal the existence of 
dynamics beyond the Standard Model. There are several 
interesting experiments, that complement  oscillation  
and 0ν ββ decay searches. 

• Minimal scalar models can relate |ΔB|=2 to |ΔL|=2 processes [i.e., 
via the “short range” mechanism of 0νββ decay]

• We have noted nucleon-antinucleon conversion processes, i.e., 
scattering-mediated nucleon-antinucleon processes, in addition to 
neutron-antineutron oscillations, to establish an effective 
Majorana ν

• Such a connection does not establish the observed scale of the 
neutrino mass, nor the mechanism of 0νββ decay; thus direct 
empirical studies continue to be essential 

• Experiments with intense low-energy electron beams, e.g., 
complement essential neutron studies to help solve the ν mass 
puzzle

n − n̄

20

Summary  
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 Low-Energy Electron Facilities
Note illustrative parameter choices TABLE III: Summary of experimental parameters for the event rate evaluation. Note that *

denotes a liquid hydrogen target.

Facility
Beam Target Luminosity

Energy(MeV) Current (mA) Length (cm) Density (g/cm3) (cm�2)

CBETA [14] 150 40 60 0.55⇥ 10�6 2.48⇥ 1036

MESA [15] 100 10 60 0.55⇥ 10�6 6.21⇥ 1035

ARIEL [16] 50 10
100 0.09⇥ 10�3 1.69⇥ 1038

0.2 71.3⇥ 10�3 2.68⇥ 1038

FAST [17] 150 28.8
100 0.09⇥ 10�3 4.88⇥ 1038

0.1 71.3⇥ 10�3 3.87⇥ 1038

We here assume M
0
1 = M

0
3 = 3.5 GeV. Moreover, because of the much looser constraint on

masses of scalars coupling to diquarks, we can choose M
0
4 = M

0
5 = M

0
7 = M

0
8 = 2.5 GeV.

Finally, we assume that the coupling constant �a that is associated with model a equals 1,
i.e., �7 = �10 = �11 = �12 = �14 = �15 = �16 = 1.

We now assume that the experiment runs for one year, and compute the expecting event
rate in units of #/yr within di↵erent models. For process e

�
p ! e

+
p̄, we summarize the

result in Table IV. Note that M14 in fact does not contribute to this processes, because
its matrix elements vanish as showed in Table VI. Moreover, various models contribute to
the expecting event rate di↵erently, because their matrix elements and SU(2) weak CG
coe�cients are distinct, which is explicitly demonstrated in Table VI, too. Eventually, we
find that M7 and M15 contribute to event rate most, and FAST [17] with a gas target is
expected to generate event rate most. This is not surprising, since such setup produces the
biggest luminosity. We also summarize the evaluation of expecting event rate for process
e
�
p ! ⌫̄en̄ within various models in Table V. In contrast to process e�p ! e

+
p̄, only M7

contributes to event rate of process e�p ! ⌫̄en̄ significantly.
Note that in estimation above, we implicitly assumed 100 percent detection e�ciency of

final anti-nucleons. However, there exits a subtlety about the relation between beam energy
and anti-nucleon detection e�ciency. We note that antinucleon - nucleus annihilation cross
section gains great enhancement for low-energy antinucleons [20]. We here take antiproton-
nucleus annihilation as an example. We compute the kinetic energy (ET ) of antiproton
produced through conversion process e�p ! e

+
p̄. Since the electron beam energy is much

bigger than electron mass, for simplicity, we treat electron as massless particle and obtain

ET =
2mpE

2
e cos

2
✓
0

(Ee +mp)2 � E2
e cos

2 ✓0
, (28)

where ✓
0 is the angle between antiprotons and incoming electrons. We find that ET reaches

its maximum at ✓0 ⇡ 0, and its maximum increases as one increases Ee. This implies that
for forward scattering, to gain maximal antiproton absorption e�ciency, special attention to
the length of antiproton detector is necessary, especially for relatively high beam energy.

B. model limits

In previous subsection, we give a simple estimation of event rate for two conversion
processes within various models. This is done under several assumptions, particularly

13

🎉

💡

💥

💡  = proposed, ERL (internal target)
💫 = ERL (e.g.)

💫

*

*

💥 = Linac (external target) 
🎉 = Linac, ILC test accelerator  

*Liquid

[Hydrogen]

Use E=40 MeV for estimates.
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Event Rates
Select particular scalar masses/couplings for reference

Rates in #/yr
e- p →e+ p:

e- p →νe n

TABLE III: Summary of experimental parameters for the event rate evaluation.

Facility
Beam Target Luminosity

Energy(MeV) Current (mA) Length (cm) Density (g/cm3) (cm�2)

CBETA [18] 40 40 60 0.55⇥ 10�6 2.48⇥ 1036

MESA [19] 40 10 60 0.55⇥ 10�6 6.21⇥ 1035

ARIEL [20] 40 10
100 0.09⇥ 10�3 1.69⇥ 1038

0.2 71.3⇥ 10�3 2.68⇥ 1038

FAST [21] 40 28.8
100 0.09⇥ 10�3 4.88⇥ 1038

0.1 71.3⇥ 10�3 3.87⇥ 1038

TABLE IV: Summary of event rate estimation for process e�p ! e
+
p̄ within various models.

Note that events rate is in unit of #/yr.

Facility M7 M10 M11 M12 M14 M15 M16

CBETA [18] 1.12 0.18 0.01 0.00 0 2.24 0.45

MESA [19] 0.28 0.05 0.00 0.00 0 0.56 0.11

ARIEL [20]
76.41 12.59 0.41 0.20 0 152.69 30.68
121.06 19.95 0.65 0.31 0 241.93 48.62

FAST [21]
220.05 36.27 1.18 0.56 0 439.75 88.37
174.33 28.73 0.93 0.45 0 348.38 70.00

detecting e�ciency.
There are three models, M5, M6, and M7, involving two new scalars. However, only

model 7 can mediate both conversion processes. Therefore, we start with exploring possible
“mass” ranges of the new scalar particles within this model, but point out that the following
argument can be applied to M5, too.

We first set the electron beam energy as Ke = 40 MeV and assume �7 = 1. If no event, less
than 10 events, or less than 100 events are observed after one year’s running of experiment,
we obtain excluded regions, i.e., the shadow region below various lines, for X4 in Fig. 4, as
we vary R3 from 26 GeV to 50 GeV. Note that we picked 30 GeV to satisfy the lower bound
of R3 but 50 GeV instead of 147 GeV simply for demonstration. Fig. 4 shows two processes
set slightly di↵erent constraints on R4. Moreover, O(10) GeV of R4 is always possible, which
implies possibility of O(10) GeV of MX4 , if g

11
4 is at O(1).

Given the same setup above but varying Ke of FAST [21], we investigate how the excluded
“mass” region changes. We consider three di↵erent beam energies, 10, 50, and 100 MeV for

TABLE V: Summary of event rate estimation for process e�p ! ⌫̄n̄ within various models.
Note that the antineutrino generated in M5 and M13 can not be in the first generation.

Facility M5 M6 M7 M11 M13 M14 M16

CBETA [18] 0.00 0 0.08 0.00 0.14 0 0.02

MESA [19] 0.00 0 0.02 0.00 0.03 0 0.01

ARIEL [20]
0.03 0 5.17 0.24 9.45 0 1.59
0.04 0 8.19 0.38 14.97 0 2.51

FAST [21]
0.08 0 14.88 0.70 27.20 0 4.57
0.06 0 11.79 0.55 21.55 0 3.62

16

TABLE III: Summary of experimental parameters for the event rate evaluation.

Facility
Beam Target Luminosity

Energy(MeV) Current (mA) Length (cm) Density (g/cm3) (cm�2)

CBETA [18] 40 40 60 0.55⇥ 10�6 2.48⇥ 1036

MESA [19] 40 10 60 0.55⇥ 10�6 6.21⇥ 1035

ARIEL [20] 40 10
100 0.09⇥ 10�3 1.69⇥ 1038

0.2 71.3⇥ 10�3 2.68⇥ 1038

FAST [21] 40 28.8
100 0.09⇥ 10�3 4.88⇥ 1038

0.1 71.3⇥ 10�3 3.87⇥ 1038

TABLE IV: Summary of event rate estimation for process e�p ! e
+
p̄ within various models.

Note that events rate is in unit of #/yr.

Facility M7 M10 M11 M12 M14 M15 M16

CBETA [18] 1.12 0.18 0.01 0.00 0 2.24 0.45

MESA [19] 0.28 0.05 0.00 0.00 0 0.56 0.11

ARIEL [20]
76.41 12.59 0.41 0.20 0 152.69 30.68
121.06 19.95 0.65 0.31 0 241.93 48.62

FAST [21]
220.05 36.27 1.18 0.56 0 439.75 88.37
174.33 28.73 0.93 0.45 0 348.38 70.00

detecting e�ciency.
There are three models, M5, M6, and M7, involving two new scalars. However, only

model 7 can mediate both conversion processes. Therefore, we start with exploring possible
“mass” ranges of the new scalar particles within this model, but point out that the following
argument can be applied to M5, too.

We first set the electron beam energy as Ke = 40 MeV and assume �7 = 1. If no event, less
than 10 events, or less than 100 events are observed after one year’s running of experiment,
we obtain excluded regions, i.e., the shadow region below various lines, for X4 in Fig. 4, as
we vary R3 from 26 GeV to 50 GeV. Note that we picked 30 GeV to satisfy the lower bound
of R3 but 50 GeV instead of 147 GeV simply for demonstration. Fig. 4 shows two processes
set slightly di↵erent constraints on R4. Moreover, O(10) GeV of R4 is always possible, which
implies possibility of O(10) GeV of MX4 , if g

11
4 is at O(1).

Given the same setup above but varying Ke of FAST [21], we investigate how the excluded
“mass” region changes. We consider three di↵erent beam energies, 10, 50, and 100 MeV for

TABLE V: Summary of event rate estimation for process e�p ! ⌫̄n̄ within various models.
Note that the antineutrino generated in M5 and M13 can not be in the first generation.

Facility M5 M6 M7 M11 M13 M14 M16

CBETA [18] 0.00 0 0.08 0.00 0.14 0 0.02

MESA [19] 0.00 0 0.02 0.00 0.03 0 0.01

ARIEL [20]
0.03 0 5.17 0.24 9.45 0 1.59
0.04 0 8.19 0.38 14.97 0 2.51

FAST [21]
0.08 0 14.88 0.70 27.20 0 4.57
0.06 0 11.79 0.55 21.55 0 3.62

16 [S.G. & Xinshuai Yan, in preparation]

λi=1 MXi/gi1/2=30 GeV for i=1,2,3 else 1GeV
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Patterns of |ΔB|=2 Violation?
[SG & Xinshuai Yan, arXiv: 1808.05288]

π-π-→e-e-  u-u
Note possible SM gauge invariant scalar models

“4 X” models
can yield 

e- p →e+    d

e- p →ν n   − −

2

TABLE I. Scalar particle representations in the
SU(3)c⇥SU(2)L⇥U(1)Y SM that carry nonzero B and/or L
but permit no proton decay at tree level, after Ref. [4]. We
indicate the possible interactions between the scalar X and
SM fermions schematically. Note that the indices a, b run
over three generations, that the symmetry of the associated
coupling gabi under a $ b exchange is noted in brackets, and
finally that our convention for Y is Qem = T3 + Y . Please
refer to the text for further discussion.

Scalar SM Representation B L Operator(s) [gabi ?]

X1 (1, 1, 2) 0 -2 Xeaeb [S]

X2 (1, 1, 1) 0 -2 XLaLb [A]

X3 (1, 3, 1) 0 -2 XLaLb [S]

X4 (6̄, 3,�1/3) -2/3 0 XQaQb [S]

X5 (6̄, 1,�1/3) -2/3 0 XQaQb, Xuadb [A,–]

X6 (3, 1, 2/3) -2/3 0 Xdadb [A]

X7 (6̄, 1, 2/3) -2/3 0 Xdadb [S]

X8 (6̄, 1,�4/3) -2/3 0 Xuaub [S]

X9 (3, 2, 7/6) 1/3 -1 XQ̄aeb, XLaūb [–,–]

clude the existence of a Majorana neutrino [41]. Here we
note that such a connection can be demonstrated with-
out requiring the observation of proton decay, or indeed
of any |�B| = 1 process.

Minimal scalar models with baryon number violation

but no proton decay. The minimal scalar models that
give rise to |�B| = 2 and not |�B| = 1 processes while
respecting SM gauge symmetries contain either three or
four scalar interactions. Following Refs. [4, 39, 40, 42]
we consider all the interactions permitted by Lorentz
and SU(3)c⇥SU(2)L⇥U(1)Y gauge symmetry. Models
for processes with both |�B| = 1, 2 have been con-
structed [4, 40, 42, 43], though in this paper we follow
Ref. [4]. The particular scalars that allow B or L violation
to appear but do not admit |�B| = 1 processes at tree
level are enumerated in Table I. We have also noted the
schematic interactions of the scalars Xi to right-handed
leptons and quarks of generation a as ea and ua, da and
to left-handed leptons and quarks as La and Qa, respec-
tively. The symmetries of the scalar representations un-
der color SU(3) and/or weak isospin SU(2) can fix the
symmetry of the associated coupling constant under a, b
interchange, and we have noted that as well in Table I —
the relation gabi = ±gbai indicates S(+) or A(�), respec-
tively, and “–” denotes no interchange symmetry. We
note that X9 cannot generate a B and/or L violating in-
teraction of mass dimension four or less, so that we do
not consider it further, and that interactions denoted by
“A” cannot involve only first-generation fermions.

In what follows we extend the models of Ref. [4] to in-
clude the possibility of |�L| = 2 processes as well. That
earlier work focused on the possibility of |�B| = 2 pro-
cesses without proton decay as mediated by interactions
of the form X2

1X2 or X3
1X2, where X1 and X2 are dis-

tinct scalars, because it turns out not to be possible to

TABLE II. Minimal interactions that break B and/or L from
scalars Xi that do not permit |�B| = 1 interactions at tree
level, indicated schematically, with the Hermitian conjugate
implied. Interactions labelled M1-M9 appear in models 1-9
of Ref. [4]. Interactions A-G possess |�L| = 2, |�B| = 0.
M19, M20, and M21 follow from M8, M17, and M18 un-
der X7 ! X6, respectively, but they do not involve first-
generation fermions only.

Model Model Model

M1 X5X5X7 A X1X8X
†
7 M10 X7X8X8X1

M2 X4X4X7 B X3X4X
†
7 M11 X5X5X4X3

M3 X7X7X8 C X3X8X
†
4 M12 X5X5X8X1

M4 X6X6X8 D X5X2X
†
7 M13 X4X4X5X2

M5 X5X5X5X2 E X8X2X
†
5 M14 X4X4X5X3

M6 X4X4X4X2 F X2X2X
†
1 M15 X4X4X8X1

M7 X4X4X4X3 G X3X3X
†
1 M16 X4X7X8X3

M8 X7X7X7X
†
1 M17 X5X7X7X

†
2

M9 X6X6X6X
†
1 M18 X4X7X7X

†
3

add just one scalar and achieve that end. Here we enu-
merate all the possible B and/or L violating interactions
that appear in mass dimension of four or less without re-
gard to the number of di↵erent scalars that can appear.
With three di↵erent scalars we can produce |�L| = 2
processes that also couple to quarks, and we study the
connections between |�B| = 2 and |�L| = 2 processes
explicitly.
We begin by fleshing out the precise interactions indi-

cated in Table I. Specifically, the possible scalar-fermion
interactions mediated by each Xi are

�gab1 X1(e
aeb) , �gab2 X2(L

a"Lb) ,

�gab3 XA
3 (La⇠ALb) ,�gab4 X↵�A

4 (Qa
↵⇠

AQb
�) ,

�gab5 X↵�
5 (Qa

↵"Q
b
�) , �g0ab5 X↵�

5 (ua
↵d

b
�) ,

�gab6 X6↵(d
a
�d

b
�)"

↵�� , �gab7 X↵�
7 (da↵d

b
�) ,

�gab8 X↵�
8 (ua

↵u
b
�) , (1)

where " = i⌧2 is a totally antisymmetric tensor, ⇠A ⌘

((1 + ⌧3)/2, ⌧1/
p
2, (1� ⌧3)/2), and ⌧A are Pauli matri-

ces with A 2 1, 2, 3. We note "⌧A was used in place of ⇠A

in Ref. [4], but that choice couples a single component
of the scalar weak triplet to fermion states of di↵ering
total electric charge, incurring couplings that break elec-
tric charge conservation. The Greek indices are color
labels, and we employ the SU(3) notation of Ref. [44] for
fundamental and complex conjugate representations. We
adopt 2-spinors such that the fermion products in paren-
theses are Lorentz invariant, and we map to 4-spinors
via (uL,R↵dL,R�) ! (uT

↵CPL,Rd�) where C = i�2�0 and
PL,R = (1⌥ �5)/2 in Weyl representation [45].
Possible baryon-number and/or lepton-number violat-

ing processes. We now turn to the possible minimal
scalar interactions that mediate either baryon and/or lep-
ton number violation but conserve SM gauge symmetries.

[ Models with |ΔL|=2 always involve 3 different scalars.]

[H.c. implied.]
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For choices of fermions fi 
this decay topology can yield
          or                  decay

0ν ββ Decay in Nuclei

The “short-range” mechanism involves new 
B-L violating dynamics; e.g., 

Can be mediated by “short-” or “long”-range mechanisms 

[Bonnet, Hirsch, Ota, & Winter, 2013]

S or V that carries B or L

u-u

0ν ββ
Can we relate the possibilities in a data-driven way?
[Yes!] [S.G. & Xinshuai Yan, PLB 2019]
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A New Interpretation of Δae 

Enter Lepton-Number-Carrying Scalars
We adopt minimal scalar models previously

used for the study of baryon & lepton number
violation 

[SG & Yan, 2019]

[Arnold, Fornal, & Wise, 2013 & 
2013;  SG & Yan, PLB 2019]

Proton decay evaded by quantum number assignment
No “secret ingredients”!

Δae<0!
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Δae Solutions Confront τ Decay
Scalar X2 cannot explain the anomaly

Thus the possible Δae solutions are somewhat limited;  
employ “heavy” limits in what follows….


