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OVERVIEW

• Quick review of Georgi-Machacek Model
• Some experimental constraints
• Double Higgs production
• Summary
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FEATURES OF GM MODEL

• Higgs triplet models have the following features:
• type-II seesaw for Majorana neutrino mass, generated by the 

VEV of the new triplet scalar field;
• existence of a doubly-charged Higgs boson, leading to like-sign 

LNV and possibly even LFV processes at tree level; 
!  a link between neutrino and LHC physics

• SM-like Higgs possibly having stronger/weaker couplings with 
weak bosons;

• existence of a H5±W∓Z vertex at tree level through mixing and 
proportional to vΔ (only loop-induced in models such as 2HDM);

• Georgi-Machacek model with custodial symmetry allowing a 
larger triplet VEV vΔ.
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GEORGI-MACHACEK MODEL
• The Higgs sector includes one doublet Φ(2,1/2) and one 

triplet Δ containing χ(3,1) and ξ(3,0) with custodial 
symmetry in the potential 
 
 
 
 
  
 
 

• Take vχ = vξ ! v Δ (aligned VEV). 
!  SU(2)L×SU(2)R → custodial SU(2)V  
!  ρ = 1 at tree level

Georgi, Machacek 1985
Chanowitz, Golden 1985
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CUSTODIAL SU(2) C LASSIFICATION
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1 complex triplet +  
1 real triplet

1 complex doublet
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discovering entire H5 family 
crucial to verify the model



NEUTRAL  HIGGS COUPLINGS
• Normalize all couplings to those for SM Higgs boson  

(V = W,Z; F = quarks):

gauge-phobic

quark-phobic

Higgs ! F ! V
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independent of α; 
proportional to vΔ

group factor that makes it 
possible for the entire factor 
to be greater than 1 
(mixing required)
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DECAY PATTERN
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CWC, Yagyu JHEP 2012
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PRODUCTION FOR LARGE V!
• For large vΔ, H±± couples primarily to weak bosons.
• VBF as dominant production processes for sufficiently 

large vΔ and sufficiently large MH±±. 
 
 
 
 
 
 
 

• Upper curves for ++ and  
lower curves for −−.
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14 TeV 100 TeV

CWC, Kuo, and Yamada JHEP 2015

an experimentally less explored 
scenario, and unique for GM
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SAME-SIGN DIBOSON PROCESS
• The model has a distinctive feature to produce like-sign 

weak gauge bosons, each of which decays leptonically: 
 
 
 
 
 

• ATLAS measured same-sign di-boson events pp→jjW±W± 
using the 20.3 /fb, 8-TeV data, where the leptonic decay 
modes W → ! ν (!  = e,μ) are assumed.

• Fiducial VBF cross section is measured to be 1.3±0.4(stat)
±0.2(sys) fb, while the SM predicts 0.95±0.06 fb.

doubly-charged Þnal state
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++ 
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W + 
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l+ 

l+ 

!  
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��  

��  

pp ! W ± W ± jj ! ! ± ! ± jj /E T

depend only on mH5 and vΔ 
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CONSTRAINT  FROM H5
±±

• ATLAS data of same-sign di-boson (light leptonic decays) 
events (20.3/fb, 8-TeV) can be used to put constraints on 
the vΔ-mH5 plane: 
 
 
 
 
 
 
 
 
 
 

• Results are independent of α.

ATLAS 2014
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CONSTRAINTS  FROM HIGGS DATA
• Consider the tree-dominated Higgs decays into ZZ, WW, 

bb, and ττ in a chi-square fit.
• Exclude γγ to avoid uncertainties (charge Higgs mass, 

Higgs couplings) in the loop.
• Solid: 1σ contour;  

dashed: 2σ contour. 
 

• In our work, we sample a few  
points in the allowed region and  
scan for viable mass spectra for  
exotic Higgs bosons.
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VIABLE MASS  SPECTRA
• mH1 on the mH5-mH3 plane, satisfying tree-level stability 

and unitarity constraints and measurements of the S 
parameter and the Zbb coupling at 2σ level. 
 
 
 
 
 
 
 
 
 

• More examples in our paper.
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"" AND "Z D ECAYS OF h
• Signal strength of  
γγ via GGF. 
 
 
 
 

• Signal strength of  
γZ via GGF.
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DOUBLE HIGGS DECAY OF H1
• When mH1 > 2mh, H1→ hh becomes possible.
• BR(H1→ hh) can vary a lot. 

!  one factor that affects the search scheme
• In certain cases, it can be larger than 90%!
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SHAPE OF HIGGS POTENTIAL
• After the discovery of 125-GeV Higgs boson, an important 

program in particle physics is to fix its interactions with 
other SM particles and with itself. 
 
 
 
 
 
 

• The Higgs self coupling is a key parameter that can help 
us reconstructing the shape of the Higgs potential. 
!  how EWSB really happens 
!  whether there is an extended Higgs sector
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HIGGS SELF COUPLING
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• The Higgs boson self coupling can be studied using the 
Higgs boson pair production at hadron colliders, whose 
primary contribution is GGF that only occurs at one loop in 
perturbative QCD.

• In the SM, tree-level Higgs trilinear and quartic self 
couplings are related  
 

• Leading SM processes:

16

gSM
hhh = vgSM

hhhh =
3m2

h

v



HIGGS SELF COUPLING
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• The interference between the two diagram is destructive, 
with the complete destructive interference of the real 
amplitudes occurs at 

• In the SM, tree-level Higgs trilinear and quartic self 
couplings are related  
 

• Leading SM processes:
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hhh

Barger, Everetta, Jackson, 
Shaughnessy 2014



CURRENT LIMITS
• It is a challenging measurement for the SM due to its small 

production cross section through GGF: 
 
 
at the 14-TeV LHC. 

• Currently, ATLAS and CMS have imposed upper limits on 
σ×BR’s with various categories of signal final states in 
Higgs pair searches at the 13-TeV LHC: 

3.9 pb for γγbb,  
330 fb for 4b,  
25 pb for the γγWW*, and  
508 fb for ττbb.
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ATLAS 2015, 2016
CMS 2016

LHC Higgs Cross Section Working Group

! (pp ! hh)GGF
SM " 40 fb



NEW PHYSICS EFFECTS
• BSM physics can easily affect the Higgs pair production 

cross section through  
(1) modification in the quark Yukawa couplings; 
 
(2) modification in the triple Higgs coupling; 
 
(3) new colored particles running in triangle and box loops; 
 
(4) existence of new heavy scalars decaying into Higgs 
pairs. 

• (1)—(3) belong to the non-resonance effect, while (4) 
belongs to the resonance effect.
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NEW PHYSICS EFFECTS
• BSM physics can easily affect the Higgs pair production 

cross section through  
(1) modification in the quark Yukawa couplings; 

!  all fixed by α and vΔ 
(2) modification in the triple Higgs coupling; 

!  also depending on heavy Higgs masses 
(3) new colored particles running in triangle and box loops;

!  not in the GM model  
(4) existence of new heavy scalars decaying into Higgs 
pairs. 

!  only H10 contributes through mixing angle α
• (1)—(3) belong to the non-resonance effect, while (4) 

belongs to the resonance effect.
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PARAMETER SPACE SCAN
• Use GMCALC to scan the mass spectrum, couplings and 

BR’s under the constraints of: tree-level unitarity, vacuum 
stability, and BR(b → sγ) and BR(Bs0 → μ+μ−). 

• Scan the parameter space in the following ranges:  
−90º < α < 90º, 0 < vΔ < 60 GeV, MH1 ≲ 1 TeV.  

• If mH1 ≲ 2mh or BR(H10 → hh) ~ 0, non-resonant 
production cross section can dominate and be enhanced.

• If mH1 > 2mh, a pair of hh can be produced via the decay of 
on-shell H10. 
!  will concentrate on this scenario later on
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RESONANT PRODUCTION
• Under the narrow-width approximation and ignoring VBF 

(~ O(0.1) smaller), the resonance Higgs pair production 
can be obtained using  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RESONANT PRODUCTION
• All points are now required to pass mH1 > 2mh. 

!  more scattered points in the α < 0 region
• As H10 becomes heavier, the range of its BR(H10 → hh) is 

narrower and closer to 1.  
!  a heavy H10 preferentially decays to hh

23! (pp ! hh)max
mH 0

1



RESONANT PRODUCTION
• The cross section can reach as high as a few tens of pb, 

though outside the 2σ bound from Run-I Higgs data, and 
about 6 pb for (α,v∆) ∼ (−30º, 30 GeV) within the red curve.

• To maximize the cross section at each point is equivalent 
to maximizing BR(H10 → hh).

24! (pp ! hh)max
mH 0

1



BENCHMARK  POINTS
• We select the following 8 BP’s.
• D, E, F, G have more sizeable κF[H10]. 

!  more resonance production effect
• Sometimes BR(H10 → hh) → O(1) in  

D, E, G, and H (semi-decoupling limit).
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SCALAR COUPLINGS
• ghhh can significantly deviate from its SM value, and even 

flip its sign in D, E, F and G, giving a wide range of values.
• gH1hh has an opposite sign to ghhhSM in A, D, E, F, and G, 

with the latter four having particularly wide ranges.
• B and C predict positive signs for both couplings.

26

�hhh �H1hh



KINEMATIC DISTRIBUTIONS
• Kinematic distributions of the γγbb channel for  

(a) the invariant mass Mγγbb,  
(b) the opening angle ∆Rγγ, 
(c) the opening angle ∆Rbb  

for benchmark point E with different mH1 ∈ [250,500] GeV 
compared with SM expectations at the 13-TeV LHC.

•  
 
 
 
 

• Roughly ∆R ≈ 2mh/PT(h), where PT(h) = transverse 
momentum of h.
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broad SM bkgd 
peaked ~ 400 GeV



KINEMATIC DISTRIBUTIONS
• Kinematic distributions of the bbbb channel for  

(a) the invariant mass Mbbbb,  
(b) the opening angle ∆Rbb  

for benchmark point G with different mH1 > 500 GeV at the 
13-TeV LHC. 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PREDICTION VS CONSTRAINT

bbγγ channel 4b channel

• Most parameter space in D, E, F, and G predict cross 
sections ~ a few pb, larger than the others. 
!  ghhh in these four BP’s often go negative and result in a 
constructive interference; at the same time, gH1hh is also 
negative and causes partial destructive interference
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PREDICTION VS CONSTRAINT

30

bbγγ channel 4b channel

• Among all BP’s, E and G predict largest cross sections in 
lower and higher mass regimes, respectively, and C and G 
allow wider mass ranges for H10. 

• Data (blue from Run I and reds for 13 TeV) have started to 
exclude some regime (500 to about 650 GeV for BP-G).



SUMMARY
• The GM model preserves custodial symmetry and allows a 

sizeable triplet VEV. 
!  may lead to unusual couplings and provide neutrino mass

• We have scanned viable parameter space under the 
constraints of tree-level unitarity, vacuum stability, Higgs data 
and some B decay data.

• A few benchmark points are selected and used to make 
predictions for double Higgs production for mhh > 2mh.

• Resonant production is found to be dominant in most cases, 
and the rates can reach a few pb.

• We have compared our predictions with current and projected 
experimental limits. 
!  data have started to rule out certain parameter space
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Thank You!
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CONSTRAINT  FROM H1
0

• Constraints from VBF  
channels are stronger than  
those from GGF  
mechanism.

• ZZ is more constraining than  
WW when MH1≲375 GeV as  
the former has a slightly  
better experimental  
sensitivity.

• The γγ mode (GGF+VBF)  
provides useful bounds on vΔ  
in the low-mass regime.

• All of them are sensitive to α.

CWC and Tsumura JHEP 2015
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