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Despite direct searches at the LHC excluding tripletlike Higgs bosons up to several hundred GeV over
much of the type-II seesaw model parameter space, parts of it—most notably those featuring “cascade
decays” of the charged Higgs bosons into their neutral partners and off-shell W bosons—still remain
unconstrained. Meanwhile, measurements of the diphoton signal strength of the Standard Model (SM)
Higgs boson—potentially modified by loop contributions from tripletlike Higgs states—are in good
agreement with the SM expectation, with combined experimental uncertainties currently at approximately
8%. Given the trend in previous measurements, it is expected that future precision Higgs measurements at
the HL-LHC and a future lepton collider such as the Circular Electron Positron Collider, Future Circular
Collider, or Muon Collider will be consistent the standard diphoton signal strength, albeit with significantly
reduced uncertainties, down to about 0.7%. Presuming this and considering all relevant constraints, we
explore whether such increasingly precise diphoton measurements can indirectly probe the parameter space
that currently evades direct searches. We find that subpercent-level determinations of the diphoton rate will

decisively probe a substantial fraction of this otherwise elusive region.

DOI: 10.1103/mhds-pwkd

Introduction. The observation of nonzero neutrino masses
and mixing provides a strong impetus for going beyond the
Standard Model (SM). A particularly elegant resolution is
provided by the Weinberg operator-induced seesaw mecha-
nism [1]. Among its three canonical ultraviolet completions
[2], the type-II seesaw model [3-8], which augments the
SM with an SU(2), -triplet scalar field carrying hyper-
charge Y = 2, has attracted considerable interest due to its
distinctive phenomenological signatures and potential tes-
tability at current and future colliders [9-83] (for reviews,
see Refs. [84,85]), as well as at low-energy experiments
[50,54,55,86-89]. This model introduces several new
Higgs bosons, namely, the doubly charged (H**), singly
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charged (H*), and CP-even and CP-odd neutral (H° and
A®) Higgs bosons. Direct searches at the Large Electron
Positron (LEP) and LHC experiments have put stringent
constraints on these new scalars. LEP experiments (OPAL
and DELPHI) have set a lower-mass limit of about
100 GeV for H** decaying into £*¢* (£ =-e, )
[90,91]. For H* decaying into c¢s or zv, a lower limit of
about 80 GeV has been set by ALEPH, DELPHI, L3, and
OPAL [92]. The OPAL experiment also placed a limit of
55 GeV on the neutral scalar states H° and A° decaying into
v [12]. At the LHC, the ATLAS Collaboration has
set a lower limit of 1020 GeV for H** decaying into
£ [93-95], while CMS has placed a limit of 535 GeV
for decays exclusively into 757+ [96]. Also, ATLAS has
excluded H** decaying into WEW= in the 200-350 GeV
mass range [97].1

Broadly speaking, the phenomenology, and hence the
exclusion limits, of the type-II seesaw model depends on
three parameters: the doubly charged Higgs mass m =, the
mass splitting Am = my++ — my+, and the triplet vacuum

'Reference [68] has estimated an improved exclusion range of
200-400 GeV by reinterpreting some of these LHC searches.
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expectation value (VEV) v, [20,27,68]. The regions with
Am < O(1) GeV are dominated by the “golden decays” of
H** to £+¢* (or WEW™) for v, smaller (or larger) than
O(0.1) MeV and therefore are highly constrained by
the experimental searches mentioned above. In contrast,
the region with larger Am = O(1) GeV is dominated by the
“cascade decays” of H** and H* to H°/A" and off-shell
W-bosons, with H°/A® subsequently decaying into v or
bb, tt,ZZ, Zh, hh depending on v,. The presence of off-
shell W bosons and multiple decay steps leads to soft
visible objects, missing energy, and large SM backgrounds,
rendering conventional LHC searches ineffective.
Consequently, this region remains largely unconstrained
by direct searches to date [68,70,78]. Moreover, low-mass
H** (84-200 GeV) decaying into WEW® are yet to be
excluded [41,74]. In this Letter, we show for the first time,
to the best of our knowledge, that indirect probes—such as
precision measurements of the SM Higgs boson properties
at the LHC and future lepton colliders like the Circular
Electron Positron Collider (CEPC), Future Circular
Collider (FCC-ee), or Muon Collider (MuC)—could pro-
vide a powerful complementary handle on this otherwise
elusive region of parameter space.

In particular, the new charged Higgs bosons H* and
H**, if relatively light, can significantly contribute
to the loop-induced SM Higgs decay into diphotons,
h — yy [33,36,45,98]. This, in turn, imposes nontrivial
constraints on regions of the model parameter space that
would otherwise evade direct searches. Notably, the
LHC measurements of the corresponding signal strength
Hn—y, are in good agreement with the SM prediction
[99-101], with the current experimental uncertainty of
approximately 10% [102,103], down to about 8% when
combined with the Tevatron data [104]. Even though
recent determinations lie somewhat above the SM
expectation, the pattern of past measurements suggests
that upcoming results from the HL-LHC [105], and a
future lepton collider such as CEPC [106], FCC-ee
[107], or MuC [108], will likely consolidate the SM
prediction for the SM Higgs-to-diphoton signal strength,
albeit with significantly improved precision—poten-
tially reducing uncertainties to as low as 1.3% (0.7%)
when combining HL-LHC measurements with those
from CEPC or FCC-ee (MuC) [109,110]. Presuming
such a scenario, and taking into account all relevant
constraints, we explore in this Letter how future pre-
cision measurements of the Higgs diphoton signal could
provide a complementary probe of the hitherto uncon-
strained elusive regions of the type-II seesaw model
parameter space.

The model and current constraints. In the type-1I seesaw
model [3-8], the SM is augmented with an SU(2), -triplet
scalar field with Y = 2,

(M7 ) v

The most general scalar potential is given by

A .
V=-mid'd+ 2 (@ D)2 + miTr(ATA)
+ [u(®T ic>AT®) + H.c.] + 4, (®T®)Tr(ATA)
+ A [Tr(ATA)]? + A3 Tr[(ATA)?] + 1, ®TAATD,  (2)

where @ is the SM Higgs doublet; m3, m%, and p are the
mass parameters, and 4 and 4; (i=1,...,4) are the
dimensionless quartic couplings. The neutral components

of ® and A procure respective VEVs vg/v/2 and v, /v/2,

satisfying /03 + 203 = v~ 246 GeV. For a detailed
description of the scalar potential and its dynamical
features, see Ref. [29]. The electroweak symmetry breaking
gives rise to several physical states: two CP-even states (h
and H°), two CP-odd states (G° and A°), two singly
charged states (G and H¥), and a doubly charged state
H** Here, G° and G are the would-be Nambu-Goldstone
bosons, and £ is identified as the 125 GeV Higgs boson
observed at the LHC. All the scalar potential parameters
can be traded in terms of the physical masses
My, Mo, Mpo, Mys, My, the VEVs vg, v,, and the rota-
tion angle a of the CP-even Higgs states [29]. For v3 < v3
(as required by electroweak precision constraints, see
below), the tripletlike Higgs states follow the sum rule

A
2 2 2 2 ~ 4 2
Fea T My R My — Mg 0 X = 1 Vg- (3)

m
The model also features a Yukawa interaction term with
the SM lepton doublet,

—Line D YopLICic* ALy 4+ Hec., (4)

where C is the charge conjugation matrix, o2 is the second
Pauli matrix, and (a, f) denote the lepton flavor index. This
Yukawa term, together with the p-term in the scalar
potential, breaks lepton number when A acquires a VEV,
thereby generating tree-level Majorana neutrino masses,

m, = \V2Yv,. (5)

The tripletlike Higgs bosons can decay either into a pair
of SM particles or into a lighter triplet partner accompanied
by an off-shell W/Z boson. In broad terms, these decays
can be categorized into three classes: (i) leptonic decays,
(ii) diboson decays, and (iii) cascade decays, in which the
parent Higgs decays into a lighter partner and an off-shell
W/Z boson. The branching ratios for these decay modes
are highly sensitive to two key parameters: the mass
splitting Am = my=z+ —mpy+ and the triplet VEV v,
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FIG. 1. Decay phase diagram of the doubly charged Higgs
bosons in the v,-Am parameter space. Dashed (solid) contours in
magenta, orange, and light blue represent 95% (90%) branching
ratios, while black solid contours indicate 50% branching ratios
for the corresponding decay modes. The region shown in blue
remains unconstrained by the direct searches thus far. For
definiteness, we set my=: = 400 GeV. The yellow-shaded region
above the dashed horizontal line is excluded by the current
EWPD at 95% CL. For the other tripletlike Higgs states, the
decay phase diagrams are qualitatively similar. For the Am < 0
scenario, the region with Am < —40 GeV is excluded by EWPD.

(see, for instance, Ref. [68]). In Fig. 1, we present the decay
phase diagram of tripletlike Higgs bosons (see also
Ref. [26]), illustrating regions where different decay
categories dominate in the v,-Am parameter space. For
definiteness, we show only the case of the doubly charged
Higgs boson H** with a mass of 400 GeV. Similar decay
patterns are observed for the other tripletlike Higgs states,
though these are not shown for brevity.

As discussed in the Introduction, the parameter space
dominated by cascade decays of H** and H* to H°/A°
plus off-shell W bosons—depicted in blue in Fig. 1—
remains largely unconstrained by the direct searches thus
far; see Fig. 2 for a summary of the current exclusion limit
on my++ in the v, — Am plane. In what follows, we briefly
outline the relevant constraints on the model:

(i) Theoretical constraints: Tree-level perturbative uni-
tarity and boundedness-from-below conditions on
the scalar couplings restrict the theoretically viable
parameter space within the perturbative regime.
These constraints have been extensively studied;
see, e.g., Refs. [29,33,35].

(ii) Lepton flavor violation: The Yukawa interaction (4)
leads to flavor-changing lepton decays such as
u — ey, 4 — eee, and muonium-antimuonium os-
cillation. This also results in enhanced contributions
to e"et — £7¢" cross sections. Upper limits on

T T T
250 130+ 130* 130" 285° 280° 305° 365%
240 75t 75" 55.6* 55.6* 380° 390 00

4001 4007 400 4001 600

3901 38014,

Exclusion limit on mpg++ (GeV)

107 107% 1077 1075 107° 107" 1073 1072 107!
va (GeV)

1

FIG. 2. Estimated 95% CL lower limits on m == in the v,-Am
parameter space. Entries marked with superscript 1, (2) [{3],
and $, respectively denote region where masses of 150-200 (95—
200) [80-200] GeV and 55.6-200 GeV are not excluded yet;
those with a superscript + (*) refer to limits derived from LEP
monophoton searches (Z-pole width bound on Z — H*H™).

these processes, combined with neutrino oscillation
data, impose a lower bound on v, = O(eV) for
my+= ~O(TeV) [53,54,86-88]. The exact limit
depends on the lightest neutrino mass and the mass
hierarchy.

(iii) Collider limits: In Fig. 2, we summarize the limits
from collider searches in the v,-Am parameter
space. The entries indicate the 95% CL lower limits
on mpy=+, as obtained in Refs. [12,68,93]. Entries
marked with superscripts 1 (2) [¥3], and $,
respectively denote regions where masses of 150—
200 (95-200) [80-200] GeV and 55.6-200 GeV are
not yet excluded. Those with a superscript + (*) refer
to limits derived from monophoton searches (Z-pole
width bound on Z — H*H™) at LEP [12]. In regions
where H* decays to Z*v or v, limits from slepton
searches at LEP and the LHC, lepton universality in
W decays from LEP, as well as from 7 decay lifetime
and universality are relevant; however, direct
searches targeting H** — #*¢* provide stronger
limits.

(iv) Electroweak precision data (EWPD): The new Higgs
bosons contribute to gauge boson self-energies,
affecting the EWPD. These effects are well captured
by the oblique parameters S, 7, and U at the one-
loop level [111,112]; see Supplemental Material
[113] for their expressions. Notably, the triplet Higgs
bosons also modify the T parameter at tree level
(or, rather, the p parameter): Aepl e =p — 1 =
—20% /v?, where ., = €*/4x is the electromagnetic
fine-structure constant. This gives an upper bound
onvp < O(1) GeV, which justifies the limit vy, < v
used in Eq. (3).

In Fig. 3, we present the region of the model
parameter space consistent with the EWPD at 68%
and 95% confidence level (CL) in the my:: — Am
plane. Here, we adopt the EWPD fit results from the
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FIG. 3. Region of the parameter space allowed by the EWPD
(taken from PDG [114]) at 68% and 95% CL in the
mpy++ — Am plane.

Particle Data Group (PDG) [1 14].> We see that a
mass splitting up to about 30 (40) GeV is allowed for
Am > (<)0 by the EWPD. The corresponding
excluded region is indicated by the yellow-shaded
area in Fig. 1.

(v) SM Higgs signal strength: The new Higgs bosons
can significantly affect precision observables of the
SM Higgs, particularly the global and diphoton
signal strengths (the discussion of the latter is
deferred to the next section). To a very good
approximation, the global signal strength is just
scaled by cos®a. By combining the Tevatron and
LHC measurements, Ref. [104] estimates this value
to be ptj, gighat = 1.012 £ 0.034. This translates into a
limit of |a| < 0.24(0.30) at 26(30).

Higgs diphoton signal strength. The inclusive diphoton
signal strength of the SM Higgs boson is defined as

m O Fh—)yy/rh tot (6)
= S SM /TSM °
yy M Fhl\—/iyy/ l—‘hl}/(l)t

where 6,/c;™ & cos® a is the production cross section of &
normalized to its SM value, and I'j is the total decay
width of A with its SM value TSN = (4.088 &

htot

2Currently, no global fit incorporates the latest ATLAS [115]
and CMS [116] measurements of the W-boson mass. However, as
these results are fully compatible with the PDG 2024 combina-
tion [114], we expect that their inclusion would lead to only a
marginal shift in the best-fit values of S, 7, and U, leaving the
overall phenomenology largely unchanged. Further, in this work,
we do not include the latest Collider Detector at Fermilab result
for the W-mass measurement [117]—which would have favored
a larger Am [69,71-73]—since it has not been confirmed by the
most recent measurements from ATLAS [115] and CMS [116].

0.014) MeV at m;, = 125 GeV [118]. The loop-induced
diphoton decay rate is given by [33,36,119]

(SM) aemGth

h—yy — 128\/5 3| hyy | ’ (7)

where G is the Fermi coupling, ., should be taken at the

scale g*> = 0 since the final state photons are real, and

(SM)

the effective couplings g,

Material [113].

To obtain the total decay width I';,, one needs to
compute all other decays of % in the present model. The
decay rates for ff/gg, WW, and ZZ modes can be obtained
by scaling the corresponding SM decay rates with (g})?,
(gw)?, and (g%,)?. These couplings, normalized to their
SM value, are given by

are given in Supplemental

g}y R cosa, (8)
2
G = cosa + = sina, 9)
v
4
ggzzcosa—l-&sina. (10)
v

The loop-induced h — Zy decay also gets additional
contributions from the triplet scalars [36,120,121] (see
Supplemental Material [113]) and this is properly taken
into account in our numerical calculation. The current
experimental uncertainty in the 4 — Zy channel is ~70%
[122], compared to the ~8% precision for 4 — yy, making
the diphoton channel the most powerful indirect probe at
present. Future improvements in 4 — Zy could provide a
complementary handle.

Precision diphoton probe of the elusive parameter space.
As noted earlier, the triplet Higgs parameter space where
cascade decays of H** and H* into H°/A° and off-shell
W bosons are dominant (illustrated in blue in Fig. 1)
remains beyond the reach of current direct search
strategies. Also, the region with low-mass H** (84—
200 GeV) decaying into WEW= is yet to be excluded
[41,74]. Figure 4 shows this direct-search-inaccessible
parameter space currently allowed by theoretical con-
straints and EWPD at 95% CL, depicted as the light gray
region in the background. We now assess the sensitivity
of precision SM Higgs diphoton measurements to probe
this region.

The hadron collider experiments at the Tevatron
(v/s=1.96 TeV) and the LHC (/s =7, 8, and 13 TeV)
have performed several measurements of the inclusive
diphoton signal strength of the SM Higgs boson. A recent
combined analysis of these measurements, presented in
Ref. [104], reports a signal strength of 0.99 + 0.04 for the
combined Higgs production and 1.10 +0.07 for the
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FIG. 4. Direct-search-inaccessible parameter space allowed by theoretical constraints and EWPD at 95% CL (light gray). Overlaid
regions in blue shades indicate the parameter space compatible with future y;,_,,, measurements of increasing precision (darker blue
represents higher precision). The enlarged panel on the right highlights the cascade-decay regime, characterized by the sequential decay
H** — H* - H°/A°, which can be almost completely probed by the expected precision to be achieved at a future MuC.

combined & — yy decay. Consequently, from Eq. (6), the
combined p,_,,, is

Hnyy = 1.09 = 0.08. (11)

Here we analyze four benchmark scenarios reflecting
different levels of precision in measuring ;,_,,,. The first
scenario corresponds to the current global average (11),
while the remaining three represent anticipated improve-
ments from future measurements/experiments:

(i) Current: u;_,,, = 1.09 £+ 0.08 [104];

(i)) HL-LHC (optimistic): p)_,,, = 1.00 &= 0.019 [109];

(iii) HL-LHC + FCC-ee/CEPC: ,_,,, = 1.00 £0.013

[109]; and

(iv) HL-LHC+10TeV MuC: y,_,,,=1.00£0.007 [110].
Note that the central value for all future measurements is
assumed to be consistent with the SM (which serves as a
good reference point), while the precision of the future
measurements is reflected in the error bar. We emphasize
that the results presented in this work are driven primarily
by the anticipated improvement in experimental precision
and are therefore robust against modest shifts in the
assumed central value of p,_,,,.

The resulting allowed regions in the model parameter
space are shown in Fig. 4, where the model parameters are
varied in the ranges shown. The white regions are already

ruled out. The currently allowed region is shown in light
blue, while projected future sensitivities are illustrated with
progressively darker shades of blue: light blue (HL-LHC
optimistic), normal blue (HL-LHC + FCC-ee/CEPC), and
dark blue (HL-LHC + 10 TeV MuC). The present con-
straint—driven by the ~#8% experimental uncertainty—still
permits a wide swath of parameter space that is inaccessible
to direct searches, particularly in the cascade-dominated
region characterized by the sequential decay H** —
H* — H/A" (see the enlarged panel of Fig. 4).
However, the progressively darker shaded regions illustrate
how rapidly this region shrinks once percent-level precision
is achieved. Note also that throughout the allowed region
one finds |a| ~v,/ve, i€., a is typically 2 orders of
magnitude smaller than the triplet VEV, reflecting the
expected suppression of doublet-triplet mixing.

The HL-LHC (optimistic) scenario already removes a
substantial portion of the parameter space, especially for
larger |Am| or lighter H**, where the charged-scalar loop
contributions tend to drive uy,_,,, away from unity. Once
subpercent precision is achieved—through the HL-LHC in
combination with FCC-ee/CEPC or, in particular, with
10 TeV MuC—the surviving parameter space is further
reduced. For the HL-LHC + FCC-ee/CEPC projection, the
allowed region becomes noticeably narrower, correspond-
ing mainly to heavy or nearly degenerate triplet spectra.

L051704-5



ASHANUJJAMAN, DEV, HUANG, and ZHOU

PHYS. REV. D 113, L051704 (2026)

In contrast, for the HL-LHC + 10 TeV MuC case, the
viable points become sparse, surviving only as a few
isolated points scattered throughout the plane.

Summary and outlook. We have examined the region of the
type-1II seesaw parameter space that remains unconstrained
by current LHC searches. This “elusive” region, consistent
with perturbative unitarity, vacuum stability, and electro-
weak precision data, extends to light tripletlike Higgs
bosons and allows sizable mass splittings among them.

We showed that precision measurements of the Higgs
diphoton signal strength y,_,,,, which gets loop contribu-
tions from the charged scalars H* and H**, provides a
sensitive indirect probe of this uncharted parameter space.
Using the current global average and projected precisions
from the HL-LHC, FCC-ee/CEPC, and 10 TeV MuC, we
identified the parameter regions compatible with each
scenario. While the present ~8% uncertainty leaves much
of the direct-search-inaccessible space open, percent-level
precision at the HL-LHC already removes a substantial
portion of it. The subpercent-level precision measurements
anticipated at future lepton colliders further restrict the
model: the HL-LHC + FCC-ee/CEPC projection favors
relatively heavy or nearly degenerate triplet spectra,
whereas the MuC leaves only a few isolated points
surviving across the plane.

In summary, precision Higgs measurements offer a
robust and complementary probe of the type-II seesaw
mechanism. Future improvements in the Higgs-to-diphoton
signal strength are poised to play a central role in extending
the experimental sensitivity to the region inaccessible to
direct searches.
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