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OUTLINE

• Motivation
• Higgs Triplet Model (HTM) -- its particle contents, mass 

spectrum, and some features
• Properties of charged Higgs bosons (H±± and H±)
• Production and signature of H±± at hadron colliders
• Large mixing between CP-even Higgs bosons 

     (provided time allows)
• Summary



MOTIVATION
FOR

HIGGS TRIPLET MODEL



• Theoretical considerations call for new physics:
• Naturalness (fine-tuning or hierarchy problem)
• CP violation and 1st-order phase transition for Baryon Asymmetry 

of Universe (BAU)
• Flavor problem and GUT’s

• Experimental evidence demands physics beyond the SM:
• Terrestrial: neutrino oscillation phenomena
• Celestial: dark matter (DM) and dark energy (DE)

PHYSICS BEYOND SM



• Observation of neutrino oscillations
⇒ Massive neutrinos
⇒ mismatch between flavor and mass eigenstates.

• Example of 2-flavor neutrino oscillation:

where L is the distance traveled by the neutrino and E is its 
energy.
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• Current experiments for atmospheric and solar neutrinos 
give the following constraints:

• Normal hierarchy (NH): Δm31
2 > 0 ⇒ m3 > m2 > m1.

• Inverted hierarchy (IH): Δm312 < 0 ⇒ m2 > m1 > m3.

NEUTRINO MASS DATA

∆m2
21 � 8× 10−5eV2 , |∆m2

31| � 2.5× 10−3eV2 ,

sin2 2θ12 � 0.8 , sin2 θ23 = 0.5 , sin2 2θ13 � 0 ,

Maltoni, Schwetz, Tortola, Valle 2004



• Masses of most particles in SM are given through the VEV 
of the Higgs boson:
• EW gauge bosons: Higgs mechanism
• Quarks and charged leptons: Yukawa couplings with Higgs boson

• What is the mechanism responsible for neutrino masses?
• Same as others ⇒ Yukawa couplings ≤ 10−9 ⇒ fine-tuning

• Seesaw mechanism ⇒ beyond SM

ORIGIN OF MASSES



• Suppose neutrino mass matrix is in the form

for all generations.
• If MR ≫ mD, the eigenmasses are

SEESAW MECHANISM
Minkowski 1977; Gell-Mann, Ramond, Slansky 1979; 

Yanagida 1979; Glashow 1980; Mohapatra, Senjanovic 1980
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• This provides a natural reason why the SM neutrinos are 
much lighter than their charged partners and of Majorana 
nature.

• We hope to achieve seesaw while:
➡ remaining the SM gauge group SU(3)C×SU(2)L×U(1)Y.
➡ adding at most one type of new particles to the spectrum.

SEESAW MODELS



• Introduce a singlet RH neutrino νR: (1,1,0) for each 
generation:

• The Higgs field

SEESAW MODEL TYPE I
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• Introduce a triplet Higgs field Δ: (1,3,1) in 2×2 form:

with the SU(2)L×U(1)Y invariant potential

• This is the so-called Higgs Triplet Model.  The simplest 
version sets all λi’s = 0, as considered by most people.

SEESAW MODEL II
Konetschny, Kummer 1977; Schechter, Valle 1980; 

Cheng, Li 1980; Gelmini, Roncadelli 1981
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HIGGS TRIPLET MODEL



• Require m2 < 0 and MΔ2 > 0 :

• Triplet VEV and Majorana neutrino mass matrix

HIGGS POTENTIAL OF HTM
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LNV



• CP-even states:

where all 6 HTM parameters (5 couplings and 1 VEV) 
show up.
⇒ h0 and H0.

• CP-odd states:

where only the µ and vΔ enter, independent of all λi’s.
⇒ 1 Goldstone mode “eaten” by Z + 1 CP-odd A0.

• H0 and A0 have almost the same mass.

NEUTRAL HIGGS MASSES
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• Singly-charged states:

where µ, λ4 and vΔ control the overall factor.
⇒ 1 Goldstone mode “eaten” by W + 1 singly-charged H±.

• Doubly-charged state:

depending on µ, λ3, λ4 and vΔ .

CHARGED HIGGS MASSES
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The HTM has 7 Higgs bosons: H±±, H±, H0, A0, and h0.

• H±± is purely triplet δ±±, a very unique feature.
• H±, H0, A0, and h0 are mixtures of doublet φ and triplet δ.
• For MΔ ≫ v0 , mixing angle ~ vΔ/v < 0.01 and
⇒ h0 plays the role of SM Higgs boson.
⇒ H±, H0, and A0 are dominantly triplet.
⇒ H±±, H±, H0, A0 are close to degenerate ~ MΔ.

• For H±±, H± to be within LHC reach, MΔ < 1 TeV.
⇒ large mixing possible between H0 and h0.

HIGGS BOSON SPECTRUM



• Higgs boson masses as a function of the µ parameter.
( vΔ = 1 GeV, λ = 0.566, λ1 = 0, λ2,3 = 1, λ4 = −1 )

HIGGS BOSON MASSES



• Triplet-lepton-lepton coupling:

• Majorana mass matrix for neutrinos:
• Relate to mass eigenstates:

• Here the PMNS matrix                       .

• hij are functions of nine parameters in the neutrino mass 
matrix (3 masses, 3 mixing angles, and 3 CPV phases).

NEUTRINO MASSES

hij

�√
2�̄c

iL�jL δ++ + (�̄c
iLνjL + �̄c

jLνiL)δ+ −
√

2ν̄c
iLνjLδ0

�
+ h.c.

Mν
ij ∝ v∆hij

VPMNS = V †
� Vν

Pontecorvo 1958; Maki, Nakagawa, Sakata 1962

Garayoa et.al. 2007; Akeroyd et. al. 2007; Kadastik et. al. 2007; Han et. al. 2008

hij =
1√
2v∆

VPMNS diag(m1, m2e
iφ1 , m3e

iφ2)V T
PMNS



• Constraints on diagonal elements of Mν versus the lightest 
neutrino mass, assuming zero Majorana phases:

NEUTRINO MASS MATRIX
Perez et. al. 2008



• Constraints on off-diagonal elements of Mν versus the 
lightest neutrino mass, assuming zero Majorana phases:

NEUTRINO MASS MATRIX
Perez et. al. 2008



• Based on realistic neutrino masses, perturbation is allowed 
for vΔ ≥ 1 eV.

• Non-zero Higgs triplet VEV leads to

Current ρexp ≈ 1.0004+0.0008−0.0004 requires that 
vΔ ≤ a few GeV.

• We first concentrate on the parameter space where vΔ is 
around the eV scale, where H±± and H± dominantly decay 
into leptonic final states.

CONSTRAINTS ON VΔ
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• Decay rates of H±±:

⇒ The former is larger than the latter when vΔ < 10−4 GeV.
• Decay rates of H±:

⇒ The first is larger than the rest when vΔ < 10−4 GeV too.
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• In the case of small vΔ, both H±± and H± decay dominantly 
into leptonic final states, more desirable at hadron colliders.

SIGNATURE MODES

Perez et. al. 2008



• Branching fractions of flavor-diagonal like-sign di-leptons 
versus the lightest neutrino mass, assuming zero Majorana 
phases:

Perez et. al. 2008

LEPTONIC H±± DECAYS



• Branching fractions of flavor-off-diagonal like-sign di-leptons 
versus the lightest neutrino mass, assuming zero Majorana 
phases:

LEPTONIC H±± DECAYS
Perez et. al. 2008



• Branching fractions of leptonic decays versus the lightest 
neutrino mass, results independent of Majorana phases:

LEPTONIC H± DECAYS
Perez et. al. 2008



PRODUCTION OF H±±

AT
HADRON COLLIDERS



• Smoking gun of the model: production of doubly-charged 
Higgs boson that then decay into like-sign lepton pairs.

• CDF and D0 at Tevatron started first searches in 2003.
• In the searches, they have assumed

•                                           is the only significant production channel
• H±± decays into like-sign muon pairs at 100% rate.

SEARCHES AT TEVATRON

qq̄ → γ
∗
/Z → H

++
H
−−



• Predicted cross section σH
±±

H∓∓ at Tevatron:

PREDICTED CROSS SECTION
D0 Note 5458



• Left panel: look for two same-sign µ±µ± .
• Right panel: look for two same-sign µ±µ± and one µ∓ .

RESULTS

open histogram expected 
for mH

±± = 140 GeV
2.6σ excess at 150 GeV?

D0 2008



• D0 concludes that mH
±± ≥ 150 GeV, based on

• However, they have overlooked one important mechanism 
and other channels...

LOWER MASS LIMIT
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++(→ µ

+
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+)H−−(→ µ
−

µ
−)

D0 2008



• Interaction for pair production

• The cross section σH±±H∓∓ is a simple function of mH±± and 
has no dependence on hij .

PAIR PRODUCTION
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• Interaction for single production

• The cross section σH±±H∓ is a simple function of mH±± and 
mH± .

• If mH±± ~ mH± , then σH±±H∓ ~ σH++H−− , equally important!
• Note a combinatorial factor of 2 comes in for single 

production.

SINGLE PRODUCTION

Dion et. al 1998, Gunion 1998
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• Consider

TOTAL CROSS SECTION @ TEVATRON
Akeroyd, Aoki 2005
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TOTAL CROSS SECTION @ LHC
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• Four-lepton final states are clear channels from pair 
production of doubly-charged Higgs boson.

• Three-lepton final states with two same-signs and the other 
opposite-sign have a higher production rate and should be 
sufficiently useful.

• Concentrate on light charged leptons, because τ is more 
difficult to identify as it often decays hadronically.

• D0 has only looked for µ±µ±µ∓ , whereas there are totally 
six light 3-lepton channels: 

• Tevatron currently has 7 fb−1 and expects up to ~10 fb−1 at 
each detector before it shuts down.

MULTI-LEPTON CHANNELS

e±e±e∓, e±e±µ∓, e±µ±e∓, e±µ±µ∓, µ±µ±e∓, and µ±µ±µ∓



TRI-LEPTON SIGNATURE
OF

HTM AT HADRON COLLIDERS



• Define reduced (normalized) cross section through

• Assume mH
±± = mH

± to fix                           .
• Reduced cross sections of the six channels are (for LHC): 

TRI-LEPTON CROSS SECTION
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H
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σ̂eee = Bee [Bee + 2(Beµ + Beτ ) + 1.8Beν ] ,

σ̂eeµ = Bee [2(Bµµ + Beµ + Bµτ ) + 1.8Bµν ] ,

σ̂eµe = Beµ [Beµ + 2(Bee + Beτ ) + 1.8Beν ] ,

σ̂eµµ = Beµ [Beµ + 2(Bµµ + Bµτ ) + 1.8Bµν ] ,

σ̂µµe = Bµµ [2(Bee + Beµ + Beτ ) + 1.8Beν ] ,

σ̂µµµ = Bµµ [Bµµ + 2(Beµ + Bµτ ) + 1.8Bµν ]

additional contribution to these 
processes than CDF and D0 
considerations, 1.2 for Tevatron

first two of same sign and 
last one of opposite sign



• Reduced cross section as a function of lightest neutrino 
mass at LHC, assuming zero Majorana phases:

RESULTS



• With or without the single production at LHC, also , 
assuming zero Majorana phases:

IMPACT OF SINGLE PRODUCTION



• Reduced cross sections for m0 = 0.2 eV.

EFFECTS OF MAJORANA PHASES



• Approximate range of reduced cross section for NH at 
Tevatron, by varying both Majorana phases:

• Any of these channels can be dominant; we should measure 
all of them.

RANGE OF REDUCED X-SEC



• Expected number of tri-lepton events being produced at 
hadron colliders for different masses of doubly-charged 
Higgs boson under certain integrated luminosities:

NUMBER OF EVENTS



LARGE MIXING SCENARIO



• When vΔ ~ GeV, H±± → W±W± and H± → W±Z become 
dominant, instead of leptonic ones.

• No search for such channels yet.
• LHC has less sensitivity in these modes than the leptonic 

modes.

• With other appropriate parameters, large mixing is possible 
for CP-even Higgs bosons (⇒ H1 and H2).

• In this scenario, H2 may be detected before the charged 
Higgs bosons.

LARGER TRIPLET VEV



• It is a usual practice to assume essentially no mixing 
between CP-even neutral doublet and triplet states.
⇒ almost impossible to detect H2 : very little couplings to 
weak gauge bosons and no couplings to SM fermions
⇒ suppressed production rate at hadron colliders

• Large mixing is possible if                    , irrespective 
to         , as

SEARCH FOR H2
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• The parameters λ and λi are picked in order to produce 
mH1 ≈ 130 GeV and to satisfy the stability condition for the 
Higgs potential:

• One benchmark parameter choice is:
          vΔ = 1 GeV, λ = 0.566, λ1 = 0, λ2,3 = 1, λ4 = −1.

★From now on, (h0, H0) and (H1, H2) are used 
interchangeably, with the latter referring to the case of 
large mixing in particular.

STABILITY CONSTRAINT

λ1 + λ4 + 2
�

λ(λ2 + λ3) > 0



• Higgs boson masses as a function of the µ parameter.
( vΔ = 1 GeV, λ = 0.566, λ1 = 0, λ2,3 = 1, λ4 = −1 )

HIGGS BOSON MASSES AGAIN



• Assuming (nearly) maximal mixing, then each of H1 and H2 
is ~50% SM Higgs boson-like, as far as couplings to 
fermions and weak gauge bosons are concerned.

• It is thus possible to produce H1 and H2 through the usual 
channels for SM Higgs boson:

• Decay rates of both are suppressed from SM expectations.

SEARCH CHANNELS

• Gluon-gluon fusion, followed by h0 decay to leptons: gg → h0, h0 →
ZZ∗ → ����

• Weak-boson fusion, followed by h0 decay to τ+τ−: qq → h0qq, h0 → τ+τ−

• Weak-boson fusion, followed by h0 decay to W+W−: qq → h0qq, h0 →
W+W−

Akeroyd, CC in progress



• Mixing angle of CP-even Higgs bosons as a function of 
mass difference.

MIXING ANGLE FOR H1,2



• Simulations show that a precision of ΔmH/mH ~ 0.1%, 
O(0.1 GeV), for a SM Higgs boson can be reached via 
H→ZZ*→4l± using 300 fb−1 of data.

• It is thus conceivable that an O(GeV) precision can be 
achieved using a few tens fb−1 of data.

• Mixing could be maximal even when mass difference is as 
large as ~ O(10 GeV), in which case the two resonances 
should be resolvable.

MASS RESOLUTION

Djouadi 2008



• Statistical significance for different discovery channels at 
the LHC with 30 fb−1 of data.

DISCOVERY REACH



• HTM is motivated by neutrino masses and involves only a 
few model parameters in the Higgs sector, rendering the 
model relatively predictive.

• We point out the ignorance of an important production 
channel for doubly-charged Higgs boson by the 
experimentalists at Tevatron.

• We study the discovery reach of Tevatron and LHC for the 
doubly-charged Higgs boson, as one varies parameters in 
the neutrino sector.

• We examine the scenario of large mixing between CP-even 
Higgs bosons.

SUMMARY
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