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Abstract: Small neutrino masses can be generated through the well-known seesaw mechanisms, among which the
type-II scenario predicts a triplet scalar with doubly charged components. Except for the Drell-Yan production at the
Large Hadron Collider (LHC), the doubly charged scalars A** can also be produced through photon fusion along
with the ultraperipheral collision of protons, from which the outgoing protons can be detected by forward detectors
at the LHC, providing a promising means to explore related new physics. We study the pair production through such

*e~e” under the normal hierarchy

processes at the 14 TeV LHC, focusing on the final states of u*u*tu~u~ and e*e
(NH) and inverted hierarchy (IH) of the neutrino mass spectra, respectively. Promising sensitivity can be reached via
our proposed search strategy. At a luminosity of 36.1 fb™/(100 fb=1), my ~ 430(520) GeV can be excluded at 95%

C.L. under the NH via pu*utu~u~ state searching, while the mass bound can be extended to 730(880) GeV under the

IH via e*ete e states. The exclusion limits on ma can be improved up to 1 TeV and even higher with integrated

luminosity accumulated to 3 ab~!.
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I. INTRODUCTION

Neutrino oscillation experiments strongly motivate
small yet non-zero neutrino masses, providing clear evid-
ence for new physics beyond the Standard Model (SM) of
particle physics. One of the most well-known and widely-
studied schemes for this problem is the Weinberg dimen-
sion-5 operator Loc £ HHC, /A [1], where ¢, and H refer
to the SU(2); doublet lepton and SM Higgs doublet, re-
spectively. With a relatively high-scale cutoff A, tiny
neutrino masses of Majorana nature can then be gener-
ated naturally after the electroweak symmetry breaking
(EWSB). Ultraviolet completion of the Weinberg operat-
or at tree level exists in only three ways, generally known
as the three types of seesaw mechanisms [2—11], introdu-
cing to the SM right-handed neutrinos (type-I), SU(2),
triplet scalars (type-1I) or SU(2), triplet fermions (type-
III). Different from type-I/Ill seesaws, which mix Dirac-
and Majorana-type masses, the type-1I scenario generates
neutrino masses via Yukawa couplings of the triplet scal-
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ar A with the SM lepton doublets m, ~ Y,v,, where Y, is
the neutrino Yukawa coupling and v, the vacuum expect-
ation value (VEV) of the neutral component of A. A
seesaw style thus appears after the EWSB considering the
mixing between the SM Higgs and triplet vy ~ uv3/m3,
with the triplet mass m, being orders larger than the elec-
troweak scale vy ~246 GeV. The dimensional mixing
parameter u in the type-1I seesaw is allowed to be natur-
ally small enough according to the 't Hooft naturalness ar-
gument [12, 13] so that in such a scenario, the Yukawa
coupling Y, not only relates neutrino oscillation experi-
mental data to collider searches through dileptonic decay
of the new scalar, but its mass m, can also be low enough
to be accessible at current collider experiments, includ-
ing the Large Hadron Collider (LHC).

Searches for the triplet scalar at colliders and studies
on the relevant features have been extensively conducted
[14-20], as its charged components, especially the
doubly charged ones, are predicted not only in the type-II
seesaw but also in a variety of other beyond SM models,
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such as the left-right symmetric models [21-23], Zee-
Babu model [24, 25], and Georgi-Machacek model [26,
27]. The most commonly considered production chan-
nels at hadron colliders are the Drell-Yan processes,
where the doubly charged scalars are produced in pairs or
in association with a singly charged one through a neut-
ral or charged current, respectively. As these exotic scal-
ars couple to the electroweak bosons via gauge interac-
tion, their production cross sections through Drell-Yan
processes can be predicted as a function of their masses.
As an example, for my: ~1 TeV, the pair production
cross section can reach ~ 0.1 fb at the leading order (LO)
with acolliding energy of 14 TeV, and the next-to-lead-
ing order (NLO) QCD corrections can give a k-factor
k=00 /g0 in the range of 1.1 ~ 1.3 [28, 29].
Regarding the decays, there are three modes of
doubly charged scalars: dileptonic, dibosonic, and cas-
cade decay channels, among which the dileptonic and
dibosonic ones are the most studied for collider searches.
It is the value of v, that largely determines the domin-
ance of these two modes. Assuming v, far less than 10~
GeV, the dileptonic decay channels A** — ¢££'* domin-
ate. With this assumption of dileptonic dominance and
equal branching ratios into different possible final states,
that is, Br(A** — ¢€*)=1/6 (¢,{ = e,u,7), the ATLAS
collaboration derived a stringent lower limit for the
doubly charged scalar mass at 95% C.L. m, > 1080 GeV
at the 13 TeV LHC using an integrated luminosity of 139
fb! [30]. With a larger vy > 10~* GeV, the dileptonic de-
cay channels are highly suppressed due to the increasing
va, and only diboson channels A** — W*W* are relevant;
the ATLAS collaboration obtained relatively weaker
bounds at 200 —220 GeV for a degenerate spectrum at the
13 TeV LHC with 36 fb"' collected events [31]. In the
parametric region of a moderate mass separation of
Amz5 GeV or even larger splitting, the third channel
cascade decay A*™* — A*W** — A"W*W** becomes dom-
inant over the dileptonic and dibosonic ones if v, is relat-
ively close to 10 GeV by orders (either larger or smal-
ler) [32]. For a non-degenerate spectrum with a mass dif-
ference of up to 100 GeV, lower limits of 350 and 230
GeV are obtained for pair and associated production, re-
spectively, at /s = 13 TeV with a luminosity of 139 fb™!
[33]. Although most previous experimental searches have
assumed degeneracy or a tiny mass splitting, it is allowed
to be as large as Am~40 GeV for hundreds-of-GeV
triplet Higgs bosons if considering the electroweak preci-
sion data, since heavy scalars' contribution to the oblique
parameter 7 is compensated by the mass difference
among the triplet components [32, 34]. Hence, the experi-
mental bounds for doubly charged Higgs bosons are gen-
erally sensitive to different parametric regions of the
model, mainly concerned with the triplet scalar VEV v,
and mass spectrum of the charged and neutral compon-
ents. Due to the large hadronic background at the LHC, a

tiny v, is typically assumed for a dominant dileptonic
mode in experimental searches as well as phenomenolo-
gical studies.

While the above-mentioned conclusions on experi-
mental bounds are mostly drawn by taking the Drell-Yan
production of triplet scalars into consideration, initial
photon fusion from elastic collisions of protons, although
receiving less attention, has become increasingly attract-
ive recently as the forward detectors have been launched
at the LHC, including the CMS-TOTEM Precision Pro-
ton Spectrometer (CT-PPS) [35] and ATLAS Forward
Proton detector (AFP) [36]. These forward physics facil-
ities (FPF) are located close to the colliding beams and
around 220 meters from the collision point. With the
FPFs installed successfully, new windows are opened to
the elastic events at the LHC because the forward detect-
ors are designed mainly to identify unsuccessfully collid-
ing protons. Those protons go through what are generally
known as ultraperipheral collisions (UPCs) and remain
intact when reaching the forward detectors. Along with
the UPC processes, initial photon fusion can occur be-
cause the electromagnetic field around the fast-moving
protons can be approximated to on-shell photons (equi-
valent photon approximation; EPA). Accompanying the
elastic collisions between protons, photon fusion can lead
to pair production of charged particles, such as doubly
charged scalars. Although it has been shown that the con-
tribution from photon-fusion is less than that of neutral
current Drell-Yan production [37, 38], the elastic nature
of collisions will leave unique signatures of two un-
harmed protons reaching the forward detectors, forming a
special topology with rapidity gaps between those for-
ward protons and the central particles. These features
make the photon fusion in UPC processes a new, prom-
ising way to search for new physics in the forward re-
gions, which was not even possible before the launch of
forward facilities. Utilizing forward proton-tagging, an
increasing number of phenomenological studies have
been conducted for probing new particles beyond the SM
at the LHC, including supersymmetric dark matter can-
didates [39, 40], quasistable or nearly-degenerate chargi-
nos in specific SUSY scenarios [41—43], and multiple
charged scalars in seesaw and left-right symmetric mod-
els [44—46].

In this paper, we propose a search strategy for prob-
ing degenerate doubly-charged scalars in the type-II
seesaw model via tagging forward protons at the LHC,
within the contexts of both normal and inverted hierarch-
ies of neutrino mass spectra. In the next section, we con-
cisely introduce the multiple scalars of the type-II seesaw
and their production and decay at the hadron collider, as
well as the connection to neutrino physics. Section III de-
tails the signals and presents the simulation. Section IV
presents our proposed search strategies and results. Fi-
nally, we draw conclusions in Section V.
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Io. DOUBLY CHARGED SCALARS IN TYPE-II
SEESAW MODEL

The seesaw mechanism of type-II for neutrino mass
generation can be realized in a simple way by extending
the SM with a complex scalar triplet lying in the adjoint
representation of the weak group SU(2),,

A+
= A+
A= V2 A | (1)
P —
V2

with hypercharge Y, =1 as in the convention for the for-
mula Q =T;+Y. A gauge-invariant and the most general
renormalizable Lagrangian for the type-II seesaw scalar
sector can be expressed as [47, 48]

L c(D,H)(D'H)+Tr[(D,A) (D"A)] - V(H, A),  (2)

where H is the SM Higgs doublet H=(¢%,¢°)" and
V(H,A) represents the scalar potential, including contri-
butions from the SM Higgs and triplet scalar [47, 48]

V(H,A) = —m%H H+miTr[ATA] + [uH"io»ATH +h.c.]

+ %(HTH)2 + L (H H)Tr[ATA] + [ Tr(ATA)?

where mj,, are mass parameters for the SM Higgs and
triplet scalar. 4 and A,.4 are quartic couplings that can be
taken as real numbers without loss of generality. u is the
coupling for trilinear terms, which may violate lepton
number conservation.

Besides the kinetic terms and scalar potential, the
type-II seesaw introduces an additional Yukawa interac-
tion between the triplet scalar and SM lepton doublets
L= (v;,¢)T for neutrino mass generation:

.EyA = —yALTCiO'zAL +h.c. . (4)

where y, is the Yukawa coupling and C the charge con-
jugation operator. Once the doublet and triplet scalars de-
velop non-vanishing vacuum expectation values after the
spontaneous electroweak symmetry breaking as v, and
va, respectively, the seesaw mechanism works to gener-
ate Majorana masses of neutrinos

My = \/EYAVA, (5)

where the complex symmetric matrix M, can be diagon-
alized using the PMNS mixing matrix U as M, =
U*m,U". The parameterization of the PMNS matrix can

A2 T AT
+ ATr[(A'A) 1+ AH'AAH, (3)  generally be expressed as follows [49]:
C12€13 S12€C13 sp3e70
U= —512623—012513S236i‘s 6’12023—812S135236i‘s C13523 x diag{e",e", 1}, (6)
io a6 .
$12823 = C128513C23€" —C12823 — §128513C23€" C13C23

where ¢;; = cos6;; and s;; = sin6;; with 6;; being the mix-
ing angles lying in the range of [0,7/2] without loss of
generality. 6 and n,, refer to Dirac and Majorana phases,
respectively. Diagonal m, incorporates three physical
neutrino masses mixed by three flavors through the mix-
ing matrix, the entries of which can be largely determ-
ined by various neutrino oscillation experiments except
for the minimal neutrino mass vy3, corresponding to nor-
mal hierarchy (NH)/inverted hierarchy (IH), and two Ma-
jorana phases. As the minimalization of the scalar poten-
tial in Eq. (3) leads to vy ~ uvi/m% with the electroweak
vacuum > =2 +13 ~ 246>GeV?, one can infer that either
a large m, or small x4 can induce a small v,, giving tiny
neutrino masses in a seesaw manner. Besides, triplet scal-
ar VEV contributes to radiative corrections for the p para-
meter in electroweak precision observables as a result of

[
modifications to W and Z masses, leading to the predic-
tion p ~ 1 —2v/v?. Given the current results for global fit
p =1.00031+0.00019 [49], an upper limit for v, can be
obtained around 2.8 GeV at 30 C.L., far less than the
doublet VEV v,. Because the non-diagonal Yukawa mat-
riX y, gives rise to lepton flavor violating processes, in-
cluding = — e*e"e” and u~ — ey, upper bounds for the
branching ratios of these rare decays [50, 51] can then be
translated into a bound from below for v, depending on
Mpss :
1TeV

VA 2 IO_QGCV X N (7)
NMp++

exhibiting the order of magnitude of v, for TeV-scale
A** [52,53].
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As stated briefly above in Section I, decay modes of
the doubly charged scalars depend on the triplet VEV v,
and their mass spectrum. Decay width for the leptonic de-
cay modes can be given as [32, 47, 48, 54]:

2

Mi
-, ®)

VA

Mp+=

Ha™ =00 = Srivar)

which, if vy < 107 GeV, dominate over the gauge boson-
ic ones:

(A= — WEW*) =

g | ( 2my ) :

87l'mAt1 Mpz+
m2 2
X - 1) +2 9
{(Zmé‘, ’ ©)

where i, j represent lepton flavors, §;; the Kronecker delta
symbol, and g the weak gauge coupling. Cascade decay
channels A** — A*W* are kinematically possible only if
the mass difference Am = mp:= —mp: >0 and are domin-
ant for a sufficiently large Am of a few or tens of GeV
[48], which is beyond the scope of the present work fo-
cusing on the case of a degenerate mass spectrum. For the
case of non-degeneracy, relevant studies [48] and refer-
ences therein can be referred to, where cascade decays
are considered. In the present paper, considering the con-
straints from electroweak precision measurements and
lepton flavor violating decays discussed above in Section
I, we can safely assume a triplet VEV much smaller than
10~* GeV so that only leptonic decay modes will be rel-
evant in our following analysis of the collider search for
the doubly charged Higgs bosons.

III. SIGNAL AND BACKGROUND

Different from the well-studied Drell-Yan production
for the doubly charged scalars introduced in Section I, the
present paper considers a search strategy through photon
fusion pair production yy — A**A™*, where the initial
photons come from equivalent photon approximation
(EPA) alongside the UPCs of protons at the LHC. Two
colliding protons remain intact in the final states to be
tagged by the forward detectors. This means of produc-
tion arises from the fully elastic channel whose total cross
section can be written as

O pp—plyy—A++A=—)p ://UyyeA**A”}YT[(ZI)y;l(ZZ)ledZZ»
(10)
where y{),(z1/2) are y-PDFs, distribution functions of the

elastic equivalent photon in a proton with z;,, being mo-
mentum fractions. Elastic y-PDFs indicate the probabilit-

ies that a proton radiates a photon elastically while it re-
mains undamaged itself, analytic expressions of which
can be found in [55, 56]. The convolution integral over
the momenta should not be taken over the whole range of
parametric space, as the forward detectors measure final
protons with various efficiencies depending on the pro-
ton energy loss & =1-E,/Ei, With Ej ., referring to
energies of the ingoing/outgoing protons. These effects
are taken into account by translating the tagging efficien-
cies for protons to the ones for the elastic photons, which
we discuss below.

To realize a better sensitivity in the hadronic environ-
ment at the LHC, we assume v, < 10 GeV as discussed
in the previous section and decay the doubly charged
Higgs bosons into pairs of leptons (e* or u*). Such a pro-
cess through elastic photon fusion can then be expressed
as

pp = plyy = A7AT = GG 6G0))p, 11

where €534 can be different combinations of lepton fla-
vors. Corresponding Feynman diagrams are displayed in
Fig. 1, drawn using the TikZ-Feynman package [57]. Ac-
cording to the expression of decay width in Eq. (8), al-
though the nature of neutrino mass is still unknown as it
is sensitive to the neutrinoless double beta decay experi-
ment, the oscillation data can, to a large extent, fix some
elements of the neutrino mass matrix M, and, sub-
sequently, the branching ratios of certain leptonic decay
channels. In our following simulation, we adopt the best-
fit values for neutrino mixing parameters for the NH and
IH cases [58, 59]

NH: Am3 =7.49x107eV?,
Am3, =2.513x107%eV?,

sin? @, = 0.308, sin’ 6,3 = 0.470,
sin® 013 = 0.02215, 8cp = 212°, (12)

H: Amj =7.49x107eV?,
Am3; = =2.484 x10%eV?,
sin” @), = 0.308, sin® 6,3 = 0.550,
sin? 013 = 0.02231, 5cp = 274°. (13)

Note that two Majorana phases are assumed to vanish,
and the lightest neutrino mass is adopted as 107 eV.
With these best-fit values input, the leading decay chan-
nel is A** — u*r* (BR~ 35%) for the NH case and

= e*e* (BR~ 47%) for the IH case [60]. Considering
the better detection efficiencies at the LHC experiments
for electrons and muons, we choose only electrons and

043103-4



Search for doubly charged scalars in type-II seesaw mechanism through photon fusion at the LHC

Chin. Phys. C 50, 043103 (2026)

p > > P
W}L‘I\v L
,,,,,, £+

Fig. 1.
leptonic channel from doubly charged scalar pair production
through elastic photon fusion at the LHC.

Feynman diagram for the signal process of fully

muons in the final states as our signals, where both scal-
ars decay into £;.4 =u (BR~ 25% for A** — y*u* under
the above assumptions for neutrino mixing [60]) for NH
and ¢,.4 = e for IH. Figure 2 displays cross sections for
these processes versus the triplet scalar mass ranging
from 200 GeV to 2 TeV, where the difference of branch-
ing ratios of A decaying into different lepton flavors also
manifests itself, as discussed above: for NH, the muon
channel surpasses the electron one, and vice versa for IH.
The SM background corresponding to the above sig-
nals includes direct production of charged leptons
through elastic photon fusion associated with a Z/y de-
caying into a lepton pair (Fig. 3(a)), as well as a W pair
production through the photon fusion associated with a
Z/y (Fig. 3(b)), with two intact protons in the final state:

pp = plyy = U CZ)y— ), (14)

pp = plyy = WW Zjy = v vl )p. (15)

In the above diagrams, the mediating gauge boson Z/y is
shown going through the s-channel, while a #-channel
contribution is also considered but not shown in the fig-
ures for simplicity. Similar to the process in Fig. 3(b), the
associated production of two light jets along with the
photon fusion into two W bosons can also mimic the sig-
nal when the jets are misidentified as leptons, so the fol-
lowing process is also considered as one of our back-
grounds (Fig. 3(c)):

pp —=plyy > WW7jj— v vjjp. (16)

Another background is top quark pair production through
EPA photon fusion, followed by the top leptonic decay

(Fig. 3(d))
pp = plyy — tt — bCvbt v)p, 17

which also contaminates the signal if b-jets are misidenti-

po->P(yy->D AT SPFE)p @14TeV LHC

107 -———IHe"e*e"e”
....... NH N*‘N*N‘p‘
g 1 0_7 . j_l\ll: e‘ e+ efef
5 Y
107°
10—11 L L L ) T
500 1000 1500 2000
mp [GeV]
Fig. 2.  (color online) Total cross sections of pp — p(yy —

¢t et e~ ¢7)p with 4-electron and 4-muon final states for both
NH and IH of neutrino mass spectra.

fied as leptons.

IV. SEARCH STRATEGIES AND RESULTS

To arrive at an effective search strategy for the fully
leptonic channel from the doubly charged scalar at the
LHC, we perform simulations using MADGRAPHS
AMC@NLO (v3.5.6) [61] for parton-level event genera-
tion and calculations for cross sections. Parton showering
and detector simulation are realized by PyTHI1A-8.2 [62]
and DeLpHES-3.5.0 [63] embedded in Check MATE?2 [64]
for further analysis and event selection. For model files,
we use the Typenseesaw Universal FEYNRULES Output
(UFO) libraries developed in [38]. y-UPC packages [65]
are used as y-PDF for event generation of elastic photon
fusion in the UPC of protons.

One of the most characteristic features of the signal is
the final two intact protons, and, as discussed in
Section III, they are not 100% detectable by the forward
detectors at the LHC, but rather measured at some rates
depending on their energy losses. In view of the elastic
nature of the UPC, the energies of elastic photons E,
emitted from the protons can be considered equal to the
energy losses. For E, from 100 GeV to 1 TeV, the detec-
tion rate for final protons approximates 100% at the 13
TeV LHC, which can be translated to the energy loss & of
(0.015, 0.15) defined in Section III [35, 36]. In our simu-
lation, we adopt more conservative detection rates (Table
1) because lower efficiencies around 90% are generally
indicated by phenomenological studies [40]. These val-
ues of proton tagging rates are then applied to the gener-
ated events, leaving only part of the events for further se-
lection. This procedure can be viewed as a pre-selection
in which the four-momenta of final protons are smeared
with a 5%-width Gaussian function prior to the tagging
rate application to realize the forward detector simulation.
We use the PYLHE [66] package to process the MGS5-
generated events and for smearing.

Events surviving the pre-selection then go through
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o+

()

Fig. 3.

Feynman diagrams of the Standard Model background for fully leptonic channels through elastic photon fusion at the LHC. #-

channel Z/y-mediating diagrams in (a) and (b) are not shown but taken into consideration in our analysis.

Table 1. Acceptance rates for initial photons for different ranges of energies, which are equivalent to tagging efficiencies for the out-
going protons corresponding to their energy losses [35, 36].
E,/GeV (0,100] (100,120] (120,150] (150,400] (400, +00)
Eff. 0 50% 70% 90% 80%

further cuts based on different features of kinematic dis-
tributions for the signal and background. For illustration,
we present the histograms of three typical kinematic vari-
ables for signal and background events in Fig. 4, includ-
ing the number of electrons (muons), transverse mo-
mentum of the leading electron (muon), and invariant
mass of same-sign electrons (muons) for the inverted
(normal) hierarchy. As examples, the benchmarks are
chosen as my, =500 and 1000 GeV, and the final states
correspond to Eq. (11) with £=e (for IH) and ¢ =y (for
NH), while the histograms for background correspond to
Egs. (14) to (17). For simplicity, we show only one of the
neutrino mass hierarchies in each figure of kinematic dis-
tributions. The histograms corresponding to the other
hierarchy are not shown here, as they behave similarly to
the displayed one. One can see from Figs. 4(a) and (b)
that the number of electrons or muons for either IH or NH
centers around 4, while for the SM backgrounds, the dis-
tributions peak around a much smaller electron or muon
number. Because each pair of the final same-sign leptons
in the signal events comes from the decay of a heavy

scalar, their momenta tend to be much larger than those in
the background events. Moreover, as the mass of A in-
creases, the peak values grow larger as well, which can
be seen clearly from the distributions of leading lepton pr
in Figs. 4(c) and (d). Hence, one of the key features to
distinguish the signal from backgrounds is multiple
leptons with high pr. Another distinctive feature of the
signal also comes from A decay, as displayed in Fig. 4(e)
and (f), showing distributions of the invariant mass recon-
structed from same-sign electrons or muons. For signal
events, the histograms exhibit clear endpoints centering
around the values of m,, while the background ones peak
at a smaller range with relatively longer tails.

Based on the above kinematic distributions for 4e
events in the IH case and 4u events in the NH case, we
perform event selections (Table 2) to achieve a better sig-
nal significance for each case. As discussed, as the final
two intact protons are detected with certain efficiencies
(Table 1), we can regard this procedure as a step of pre-
selection of the events. Then, two pairs of opposite same-
sign electrons (e*e*e”e™) and muons (uu*u u~) are re-
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Fig. 4. (color online) Kinematic distributions of electron (muon) number, transverse momentum of the leading electron (muon), and

invariant mass of same-sign electrons (muons) from elastic photon fusion at the LHC: pp — p(yy — A**A™™ — ¢+¢+¢~¢)p for inverted

(normal) hierarchy spectrum as signal, as well as for four SM background processes at the LHC. Histograms for the signals are shown
as solid lines, and those for backgrounds are shown as dashed lines.

quired as cut-1 for IH and NH, respectively. Cut-2 is significance, we apply specific selection criteria on
pr >50 GeV for the leading lepton and cut-3 on the in- m(£*¢*) to each benchmark point of m,. For the final
variant mass of the pair of same-sign leptons m(£*¢*). To states of e*e*e”e™ in the signal region of IH, cut-3 is ad-
realize a relatively optimal selection strategy and signal opted as m(e*e*) € [my—25,msy+15] GeV, while for
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Table 2.
states of e*ete"e™ and ytutp u~, corresponding to IH and

Event selections for signal processes with final

NH, respectively. Units of pr and masses are GeV, which are
omitted in the table for simplicity.

Signal

Cuts
etete e, IH pwrutup , NH

Two outgoing protons tagged

Pre-selection
Cut-1 etete e M

Cut-2 Leading e/u pr>so

Cut-3  m(e*e*) € [ma—25,mp+15] m(u*u*) € [mp —20,mp +20]

wrptu o final states in the signal region of NH, cut-3 is
m(u*u*) € [my —20,my +20] GeV. As examples, Tables 3
and 4 display cutflows of effective cross sections for the
signal and background through these cuts for m, =500
and 850 GeV under NH and IH, respectively. For both
cases, we can see from the tables that cut-1 on leptonic
multiplicities can largely suppress the backgrounds of
W*W~jj and f events, while cut-3 on invariant mass of
same-sign lepton pairs can basically filter out the other
two: £*¢"Z]y and W*W~Z/y.

Masses of the doubly charged scalar are scanned in
increments of 50 GeV from 200 to 1500 GeV under both
IH and NH spectra of neutrino mass. Event selections are
then applied according to Table 2 with regard to two dif-
ferent final states of e*ete”e” and u*uu p~ under neut-
rino mass spectra of IH and NH, respectively. The expec-
ted significance is finally calculated for each scanned
point of m, using the formula

Table 3.

a=S/\/B+@BB):, (18)

where S (B) refers to signal (background) events after the
event selections in Table 2 and f the systematic uncer-
tainty. Given the parameters input for the neutrino mix-
ing matrix in the cases of IH and NH (Eq. (13) and (12)),
we obtain the luminosities needed to arrive at 20~ exclu-
sion limits for every scanned m,, whose fitted curves are
shown in Fig. 5. For luminosities of 36.1 fb™!, 100 fb' and
3 ab!, 20 exclusion limits are also obtained for the
branching ratios of A — pu for NH and those of A — ee
for IH at each point of m,. Figure 6 shows contours in the
parametric space of the diagonal branching ratios versus
my. As a comparison, exclusion bounds are also presen-
ted from searching for prompt same-sign lepton pairs by
the ATLAS experiment [67—69] at 7, 8, and 13 TeV with
4.7, 20.3, and 36.1 fb' integrated luminosities, respect-
ively.

From Figs. 5 and 6, one can infer that sensitivities for
e*ete e final states are better than those for u*u*p .
This performance results partly from our assumptions for
NH and IH neutrino mass spectra, under which the A de-
cay branching ratio into electrons (~ 47%) is larger than
that into muons (~ 25%). As m, increases, the cross sec-
tions of elastic photon fusion production of A**A~~ de-
crease rapidly, leading to lower sensitivities for branch-
ing ratios in the range of larger masses, as expected (see
solid lines in Fig. 2). Similar behavior of exclusion curves
can be seen in the searches through Drell-Yan production
followed by multileptonic final states (see dashed lines in

Effective cross sections of the signal process pp — p(yy — A*TA™™ — p*utu~u~)p after each step of cutflow under NH neut-

rino mass spectrum with my: =500 GeV, and of four SM backgrounds, ¢*¢~Z/y, W*W~Z/y, WW~ jj and # events, from elastic photon

fusion at the 14 TeV LHC. Cross sections and masses are in units of picobarn and GeV, respectively, which are omitted in the table for

simplicity.
my =500 NH e z)y WW~Z/y Wrw” jj i
No cuts 1.45x107° 8.52x107° 4.68x 1077 2.55x1073 7.71x107°
2 protons 9.63x 1077 9.01x 1077 2.45% 1077 4.88x 1074 3.15x107°
2t 5.86x1077 1.24x 1077 1.37x1078 5.10x107° 4.04x107°
High pr 5.86x 1077 1.10x 1077 1.34x1078 2.55%107° 2.82x107°
meE ) 4.69%1077 9.46x 10710 1.08x 10710 0 0
Table 4. Same as Table 3 but for the signal process pp — p(yy = A**A™™ - e*ete”e”)p under IH neutrino mass spectrum with
mps =850 GeV.
my =850 IH 7]y WWZ/y WWjj i
No cuts 1.37x1077 8.52x 1076 4.68x 1077 2.55x1073 7.71x107°
2 protons 8.87x1078 9.01x1077 2.45x1077 4.88x107* 3.15x107°
2¢*2e” 7.47x1078 1.54x1077 1.87x1078 1.28x1077 3.04x 1077
High pr 7.47x1078 1.37x1077 1.83x1078 9.95x1078 2.22x107°
m(e*e®) 5.54x107% 426x1071 1.65x107!! 0 0
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10} .

——- Final state: p*p*p ™, NH 3

—— Final state: e*te*e e, IH

Integrated luminosity required (8=5%) i
for 20 excl. via yy—»>A™A* at 14TeV LHC ]

©
-_—

Integrated Luminosity [fb™"]

200 400 600 800 1000 1200 1400

mpz: [GeV]
Fig. 5.  (color online) Integrated luminosities required to

reach 20 exclusion searching for fully elastic photon fusion
pp — plyy = ATTA™ = ¢t ¢)p atthe 14 TeV LHC. Sys-
tematic uncertainty £ is assumed as 5%. Red dashed lines cor-
respond to ptutu u~ state in case of NH, while blue solid
lines correspond to etete”e state in case of IH.

Fig. 2 [69]). However, comparing these results, it can be
seen that for both e*ete™e™ and u*u*u u~ states, the sens-
itivity for branching ratios via elastic photon fusion de-
creases more slowly and smoothly as m, grows than that
of the Drell-Yan production searches. For example, in the
mass range below 650 GeV, the Drell-Yan production
search can probe smaller branching ratios Br(A** —
e*e*) <40% at £ =136.1 b, For a relatively larger mass
range beyond 650 GeV, the photon fusion search of the
present work displays better sensitivity and can extend
the 20 exclusion limit to the TeV region for similar
branching ratios (see black solid lines in Fig. 6). For the
probing sensitivity for branching ratio Br(A* — u*u*),
photon fusion search exceeds the Drell-Yan search in the
mass range larger than 750 GeV with £ =36.1 fb". Sim-
ilar advantages of the photon fusion search across larger

mass range can also be seen in other luminositiy scenari-
os (see blue and red solid lines in Fig. 6 for £ =100 fb’
and 3 ab™).

Specifically, with a collision energy of 14 TeV and
integrated luminosity of 36.1 fb”, a 20 exclusion limit
for m, can reach 730 GeV for Br(A — ee)~47% under the
IH spectrum and surpasses the limits given by the AT-
LAS experiment at my ~ 685 GeV [69]. With higher lu-
minosities of 100 fb! and 3 ab', this bound can be exten-
ded to my~880 GeV and 1.5 TeV, respectively.
However, considering the angular limitation of forward
detectors for outgoing protons, there exists an upper limit
for forward detectors on the invariant mass of final states
around 2.6 TeV [45]. For the case of pair production of
the doubly charged scalars A**, each one has an upper
mass limit around 1.3 TeV that the forward detectors can
reach. Hence, the exclusion limit of 1.5 TeV obtained in
the case of IH spectrum with £ =3 ab™, exceeding the
1.3 TeV upper bound set by the detector itself, should be
lowered to 1.3 TeV. Meanwhile, with luminosities of
36.1 b and 100 fb the results through pu*u*u~pu~ search
are less promising, excluding at 95% C.L. around
mp ~ 430 and 520 GeV, respectively, for Br(A — uu) ~
25% under the NH spectrum. However, with a higher lu-
minosity of 3 ab™, the mass exclusion bound can be im-
proved up to my ~ 1 TeV, surpassing the limit set by the
ATLAS experiment at m, ~ 620 GeV [69].

It should be noted that the enhancement in the sensit-
ivity to e*ete"e” final states in the IH case compared to
that of u*u*u u~ states in the NH case largely relies on
the enhanced branching ratio of the exotic scalar decay-
ing into electrons. This enhancement is sensitive to the
assumed lightest neutrino mass of 10~ eV, the increase
of which will reduce the distinction between branching
ratios into leptons of different flavors. Hence, the conclu-
sions for mass exclusion hold for our chosen parameters,

1.0 r — : : T 1.0 T —— T : : :
| | ——= Br(ee), ATLAS @ 7TeV, £=4.7fb" | ——— Br(up), ATLAS @ 7TeV, L=4/7fo""
I 1 1
08l - , ——-Br(ee), ATLAS @ 8TeV, £=20.3fb") 0.8 :l | === Br(up), ATLAS
a 1‘_ / e ; ,” g
(0] 1 I
+ 0.6 ! 5 0.6 i
T ] T
4 - b
g 0.4 — Br(ee), £=36:157 | & 0.4 — Br(), £=36.11b"" ]
This work: — Bifee); Z=100fb™" @ ~= Br(uy), £L=100fb""
0.2 Br(ee), L=3ab~! | 0.2 Br(uy), L=3ab~" |
0.0 20 excl. via yy->A**A""»e*e*e"e” at 14TeV LHC 0.0 20 excl. via yy-> A" A" sytptutum at 14TeV LHC
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
mpz [GeV] mpz [GeV]

(a)

Fig. 6.

(b)

(color online) Branching ratios that can be excluded at 95% C.L. via searching for fully elastic photon fusion pp — p(yy —

A**A™" = £+ ¢)pat the 14 TeV LHC, shown as black (£ =36.1fb™"), blue (£ =100fb") and red (£ =3ab™!) solid lines. Systematic
uncertainty £ is assumed as 5%. (a) and (b) are for branching ratios of A** — e*e* and u*u*, respectively. Dashed lines are bounds

from the ATLAS experiment [67—69].
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especially in the neutrino sector. Note also that the con-
tours shown in Fig. 6 from the ATLAS experiment and
the present work both assume a tiny v, < 107 GeV, so
only dileptonic decay modes are relevant. Meanwhile, un-
der the assumption of v, > 10 GeV and dominant dibo-
sonic decay, the decay channels A** — W*W* have also
been thoroughly searched for at the 13 TeV LHC, as dis-
cussed in Section II. However, due to a larger hadronic
background at the hadron collider, weaker bounds on m,
were obtained around 200-350 GeV for degenerate or
non-degenerate mass spectra using 36.1~139 b collec-
ted events [31, 33].

V. CONCLUSION

We study the sensitivities for pair production of
doubly charged scalars within the type-1I seesaw mechan-
ism (with a degenerate mass spectrum of the scalar com-
ponents) through elastic photon fusion at the 14 TeV
LHC: pp — p(yy - A*™*A™")p. Two types of neutrino

mass spectra, NH and IH, are considered. In the case of
NH, final states of u*u*u u~ are studied as the signal pro-
cess with integrated luminosities of 36.1 fb™', 100 fb,
and 3 ab’, the 20 exclusion limits on m, can reach ap-
proximately 430, 520, and 1000 GeV respectively, for
branching ratio of A*™* — p*u* ~ 25%, which is set by ad-
opting the best-fit values of the PMNS matrix under the
NH spectrum. In the case of IH and a largely fixed
branching ratio 47%, final states of
e*ete e are studied as signal under the same luminosit-
ies with the exclusion bounds on m, reaching approxim-
ately 730, 880, and 1300 GeV, corresponding to the
above luminosities.

=y ptot
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