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HIGGS TRIPLET MODEL



• Introduce a triplet complex scalar field Δ: (1,3,2) in adjoint 
rep:

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

• All λi’s = 0 considered by most people for simplicity.

Konetschny, Kummer 1977; Schechter, Valle 1980; 
Cheng, Li 1980; Gelmini, Roncadelli 1981
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HIGGS TRIPLET MODEL



• In the case of small vΔ, both H±± and H± decay dominantly 
into leptonic final states, desirable at hadron colliders.

Perez et. al. 2008
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5σ DISCOVERY POTENTIAL

• Discovery potential for H±± at 14-TeV LHC through the 
≥ 3ℓ���������	
��
������������������  mode is significantly better than the 4ℓ mode.
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CMS SEARCH RESULTS

• Four simple benchmark points (BP’s): CMS 2012



A NEW DIRECTION

• In the case of large vΔ, both H±± and H± couple dominantly 
with weak bosons instead.

• Required luminosity for a 5σ discovery of H±±: with 10/fb, 
8-TeV (14-TeV) LHC can reach up to 450 (800) GeV.

CWC, Nomura, Tsumura 2012

800 GeV
450 GeV



• Based on realistic neutrino masses, perturbativity 
demands vΔ ≥ 1 eV.

• Non-zero Higgs triplet VEV leads to

Current ρexp ≈ 1.0004+0.0008−0.0004 requires vΔ ≤ a few GeV.
PDG 2008; 

Abada et al 2007
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GEORGI-MACHACEK MODEL



HIGGS FIELD CONTENTS

• Include SM isospin doublet field φ: (2,1/2) and isospin 
triplet fields χ: (3,1) and ξ: (3,0)

transformed under SU(2)L×SU(2)R as 
                  Φ → UL Φ UR†   and   Δ → UL Δ UR† 
with UL,R = exp(i θL,Ra Ta) and Ta being corresponding 
SU(2) generators.

• Will take vχ = vξ ≡ vΔ (aligned VEV).
➠ SU(2)L×SU(2)R → custodial SU(2)V 
➠ ρ = 1 at tree level
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HIGGS POTENTIAL

• Most general Higgs potential:

• All terms kept in our analysis P =

0
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TADPOLE CONDITIONS

• Tadpole conditions give

where
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CUSTODIAL SU(2) CLASSIFICATION

• The triplet field ∆: 3⊗3 = 5⊕3⊕1 under SU(2)V .
• The doublet field Φ: 2⊗2 = 3⊕1 under SU(2)V .
• 3 of Φ can be identified as the NG bosons of the SM as 

long as there is no mixing between the 3’s of ∆ and Φ.
• The 5-plet, 3-plet and singlet originating from ∆ are
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MASS EIGENSTATES

• Mass eigenstates are related to above fields by

G± and G0 are the NG bosons for the longitudinal 
components of the W± and Z bosons.
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MASS RELATION 

• In the decoupling limit (v∆→0 or equivalently sH→0), the 
mass formulae of the Higgs bosons reduce to

leading to the following relation (reducing one parameter)

which is a good approximation even not in the limit.
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YUKAWA INTERACTIONS

• In scalar mass eigenstates, the Yukawa interactions 
between leptons of one family and ∆ are

• Usual Yukawa interactions between fermions of one family 
and φ are
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GAUGE-GAUGE-SCALAR COUPLINGS

• No H3 bosons are involved.
• In models with ρ = 1 at tree level and having H± bosons 

(e.g., 2HDM), the H±W∓Z vertex is usually absent at tree 
level and can only be induced at loop levels.

• This vertex can be used to discriminate models with 
singly-charged Higgs bosons.

Grifols, Mendez 1980

Asakawa, Kanemura 2005
Kanemura, Yagyu, Tanase 2011



CONSTRAINTS ON 
GEORGI-MACHACEK MODEL



UNITARITY/STABILITY BOUNDS

• Perturbative unitarity bound for the GM model has been 
studied before to be

• Vacuum stability condition gives

• For α = 0 (no mixing between Φ and Δ),

Aoki, Kanemura 2008
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• Constraints to be imposed on later analyses.

UNITARITY/STABILITY BOUNDS



BOUNDS FROM Z POLE DATA

• Excluded parameter space in 
the mH3-vΔ plane using the 
Rbexp = 0.21629±0.00066.

• Upper bound on vΔ increases 
monotonically with mH3 .

• The 2σ bound is about 25 GeV 
more relaxed than 1σ bound.

• Constraint from the b → sγ data for the GM model is 
similar to that in the Type-I 2HDM and is milder than the 
Rb constraint.

PDG 2010

Barger, Hewett, Phillips 1990
Aoki, Kanemura, Tsumura,  Yagyu 2009



HIGGS DECAYS



GENERAL REMARKS

• Decay rates of new Higgs bosons generally depend on 
mH5 , mH3 and mH1 (related by approximate mass relation), 
vΔ, and mixing angle α.

• Fix mh = 125 GeV and α = 0 to be specific.
• Decay rates now depend upon vΔ , mH3 and mass splitting 

between 5-plet and 3-plet:

• Possible mass spectra:
• Δm = 0 ➠ mH5 = mH3 = mH1

• Δm > 0 ➠ mH1 > mH3 > mH5

• Δm < 0 ➠ mH5 > mH3 > mH1

�m ⌘ mH3 �mH5



CONTOUR PLOTS FOR H5 DECAYS

mH5 > mH3
solid: 50%; dashed: 90%

doubly charged singly charged neutral



CONTOUR PLOTS FOR H3 DECAYS

solid: 50%; dashed: 90%

mH5 < mH3

mH5 > mH3



IN SHORT

H++
5 ! `+`+ , H+

5 ! `+⌫ , H0
5 ! ⌫⌫ ,
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3 ! `+⌫ , H0

3 ! ⌫⌫.

H++
5 ! W+W+ , H+

5 ! W+Z , H0
5 ! W+W�/ZZ ,

H+
3 ! ⌧+⌫/cs̄/tb̄ , H0

3 ! bb̄.
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HIGGS PHENOMENOLOGY 
AT LHC



PRODUCTION CHANNELS
• Drell-Yan (DY) process

• H5, H3 produced in pairs via γ and Z, e.g., pp → H5H5 and H3H3.  Cross section 
determined by the gauge coupling, mH5 and mH3 , independent of the value of v∆.

• Mixed Drell-Yan (mDY) process
• H5, H3 produced at the same time, e.g., pp → H5H3.  Cross section proportional to 

cos2θH , relatively suppressed than DY process, especially for large v∆.

• Weak vector boson fusion (VBF) process
• Single production of H5 via qQ → H5 process.  Cross section proportional to v∆2 , thus 

important for large v∆.

• Weak vector boson associated (associated VBF) process
• H5 also produced in association with a weak gauge boson, e.g., qQ’ → H5V.  Cross 

sections proportional to v∆ too, thus also important when VBF process is important.

• Yukawa process
• H3 produced via Yukawa interactions as gg → H30 via gluon fusion.  t-channel H3± and 

H30 modes: gb → tH3− and gb → bH30.  Cross sections proportional to tan2θH.

• Top quark decay
• For mH3 < mt, H3± produced from the top quark decay.  Decay rate of t → bH3± depending 

on tan2θH.



VBF AND ASSOCIATED VBF
• VBF and associated VBF can be useful to discriminate the 

GM model from others with doubly-charged Higgs bosons 
and to test the mass degeneracy of H5.
• In HTM, VBF and associated VBF productions of H5±± are much 

suppressed due to tiny triplet VEV.
• In GM model, v∆ ~ O(10 GeV) possibly, so that these production 

processes become useful.
• mDY process is also a unique feature of the GM model 

because H5 and H3 having different decay properties 
(Region II in particular) are produced at the same time.
• This process is useful not only to test mass degeneracy of H3 

but also to distinguish the model from others that also have H±± 
and/or H± bosons.



PRODUCTION OF H5,3 BOSONS

Dominant production 
mechanism is the VBF 
process for a sufficiently 
large mH5.

red: VBF
black/green: mDY
blue: associated VBF



ONE BENCHMARK POINT

• Consider as an example: mH3 = 150 GeV, ∆m = 10 GeV 
(i.e., mH5 = 140 GeV) and v∆ = 20 GeV in Region II.

• 5-plet Higgs bosons decay into gauge boson pairs ~100%; 
BR’s of H50→W+W− and ZZ are 2/3 and 1/3 by Clebsch.

• H3± decays to τ±ν at 66% and cs at 29%, and H30 decays 
to bb at 89%.

• BR of t → H3+b is ~0.4%, consistent with upper limit of 
2-3% for mH3 between 80 and 160 GeV, assuming that the 
charged Higgs boson decays to τν at 100%.

• Will use VBF and associated VBF to fix H5; and use mDY 
to fix H3. 

CMS 2012



SIGNAL EVENTS

• For 5-plet bosons, VBF’s are

• Associated VBF’s are

where associated weak gauge bosons are assumed to 
decay hadronically to have same final states as VBF.

qQ ! H±±
5 q0Q0 ! W±W±jj,

qQ ! H±
5 q0Q0 ! W±Zjj,

qQ ! H0
5q

0Q0 ! W±W⌥jj/ZZjj

qq̄0 ! H±±
5 W⌥ ! W±W±jj

qq̄ ! H±
5 W⌥ ! W±Zjj, qq̄0 ! H±

5 Z ! W±Zjj,

qq̄ ! H0
5Z ! W+W�jj/ZZjj,

qq̄0 ! H0
5W

± ! W+W�jj/ZZjj,



SIGNAL/BACKGROUND EVENTS

• Consider further that the weak gauge bosons produced 
from the decay of H5 decay leptonically:

• ℓ± denotes collectively light leptons e± and μ±.

• Corresponding background events for these signal events 
are from the W±W±jj for the H5±±, W±Zjj for the H5±, and tt, 
W±W∓jj and ZZjj for H50.

H±±
5 : `±`±jj /ET

H±
5 : `±`±`⌥jj /ET

H0
5 : `±`⌥jj /ET



DISTRIBUTIONS

H±±
5 : `±`±jj /ET

H±
5 : `±`±`⌥jj /ET

H0
5 : `±`⌥jj /ET



KINEMATIC CUTS

• Basic cuts:

• Additional cuts:

pjT > 20 GeV, p`T > 10 GeV,

|⌘j | < 5, |⌘`| < 2.5, �Rjj > 0.4

�⌘jj > 3.5 (> 4.0 for `±`⌥jj /ET ) ,

50 < MT < 150 GeV



SIGNIFICANCE IMPROVEMENTS

ATLAS 2011

100 /fb
8 TeV

(14 TeV)



PRODUCTION OF H3 BOSONS

• Consider mDY processes:

where leptonic decays of the weak gauge bosons from the 
H5 decays are also assumed in this analysis.
➠ same final states as VBF and associated VBF

pp ! H±±
5 H⌥

3 ! W±W±cs

pp ! H±
5 H⌥

3 ! W±Zcs

pp ! H±
5 H0

3 ! W±Zbb̄

pp ! H0
5H

±
3 ! W+W�cs/ZZcs

pp ! H0
5H

0
3 ! W+W�bb̄/ZZbb̄



DISTRIBUTIONS

• Difference between mDY and VBF is in Δηjj distribution.
• In mDY process, dijets in the final state come from 3-plet Higgs 

boson decays, not the external quark jets.
• Events from mDY process concentrates in the Δηjj < 2.5 region 

for all three cases.

• MT distributions from mDY process and VBF + associated 
VBF are almost the same.
∵ leptons plus missing transverse energy system come 
from the decays of H5 in both processes
➠ use same MT cut, but not Δηjj cut



SIGNIFICANCE IMPROVEMENTS

• BR’s of H3±→cs and H30→bb are ~30% and 90%, 
respectively.
➠ trilepton events mainly come from H5±H30 production

100 /fb
8 TeV

(14 TeV)



DIJET INVARIANT MASS

• Mass degeneracy between H3± and H30 can be readily 
established from the mDY process.



• For larger vΔ, Rγγ,Zγ tend to have smaller values because 
the hW+W− coupling gets smaller.

R��,Z� =
�(gg ! h)GM ⇥BR(h ! ��, Z�)GM

�(gg ! h)SM ⇥BR(h ! ��, Z�)SM

Rγγ RZγ



SUMMARY

• At LHC, the GM model with custodial symmetry can be 
tested by observing:
• SM-like h, a pair of H±±, two pairs of H±, one CP-odd A and 

three CP-even H’s
• Mass degeneracy among same SU(2)V multiplet, subject to 

small EM corrections at O(100 MeV)
• 5-plet and singlet H’s couple to weak boson pairs, but not 

fermion pairs via usual Yukawa couplings at tree level; 3-plet 
H’s couple to fermion pairs, but not weak boson pairs

• Isospin triplet VEV ~ O(10 GeV) possible
• VBF, associated VBF and mDY processes are useful for 

discovering and determining Higgs masses at LHC.
• Predictions for h→γγ and Zγ rates are estimated.


