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Brief Introduction……. ���
	
•  On 4th July 2012: after many years of investigations, a new 

boson was discovered by ATLAS and CMS at CERN. [ATLAS 
PLB716’12 ; CMS PLB716’12] 	


•  Both ATLAS and CMS reported a clear excess in the two photon 
channel and in the ZZ∗ channel.���
The discovery is also confirmed, with less significance in W W∗ 
channel and also by Tevatron W H → lνbb results. 	


•  From 4-lepton and diphoton channels, both ATLAS and CMS 
updated their studies on spin and parity:	


CP-even spin O state seems to be favored, while CP-odd O− 
and spin 2+ hypotheses excluded  [ATLAS-CONF-2012-169 ; CMS-PAS-
HIG-12-041] 	
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h → γγ: ATLAS & CMS updates 	  
	  

•  The best-fit signal strength for a SM Higgs boson mass 
hypothesis @ 125 - 126 GeV is:	


•  	  σ
CMS / σSM= 0.78 ± 0.27, -- Multivariate analysis (MV A) -- 	


    @ mH = 125.4 ± 0.5 (stat.) ± 0.6 (syst.) GeV 	

•  σCMS / σSM= 1.11 ± 0.31 -- cut − based analysis --  @ mH = 

124.5 GeV 	


•  σATLAS / σSM =1.65 ± 0.24 (stat) + 0.25 −0.18 (syst) 	

    @ mH = 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV. 	

	
 	
 	
 	
 	
σCombined / σSM = 1.18 ± 0.16    	
	  
	
 	
 	
 	
                      [ATLAS-‐CONF-‐2013-‐012,	  CMS-‐PAS-‐HIG-‐13-‐005]	  
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•  h → γ Z → γl+l− has also a clean and reconstructible signal 
at LHC.	


•  Provide some complementary information on the Higgs 
properties such as the mass, spin, parity.	


•  h → γγ and h → γZ should be correlated to some extent. 	


•  Upper limits on signal strength with mH @ 125 GeV :	


o  σCMS / σSM < 13.5 	
	

o  σATLAS / σSM < 37 	  	  

	  	   	   	  	  	  [ATLAS-CONF-2013-OO9 ; CMS-PAS-HIG-13-006] 	   	  
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	  h → Z γ@ ATLAS & CMS ���
	  



	  
(Type II see-saw Model)���

	

	
	
	
Higgs Triplet Model	
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Motivations…… ���
	


•  Neutrino masses: Type I , II , III seesaw models; Hybrid seesaw 
(I+III) ; Left-Right symmetric models (I+II) 	


[Minkowski’77, Mohapatra, Senjanovic ́’79,Yanagida’79, Glashow’79, Gell-Mann, 
Ramond, Slansky’79]; [Magg, Wetterich’80,Lazarides, Shafi, Wetterich ’81, Mohapatra];
[Foot, Lew, He, Joshi’89]; [Ma’98,B. Bajc and G. Senjanovic ́’06, Fileviez Pérez’07]; 
[Mohapatra, Pati’75, Senjanovic ́, Mohapatra’75] 	


•  Real triplet with vt = 0 Could be a candidate for dark matter                           
M. Cirelli, N. Fornengo and A. Strumia, NPB 753(2006);                                                       
M. Cirelli et al NPB 787(2007) ;                                                                                             
F. Perez, Pavel et al. Phys.Rev. D79 (2009).	
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Motivations….	  
	  LYukawa ⊃−YνLT C ⊗ iσ2∆ L+ h.c.  ⇒ mν = Yν v∆ 	

	


V( ∆ , H ) = M2
∆ Tr ( ∆† ∆ ) + μ( H T i τ2 ∆† H ) , 	


 	

 ⇒ Seesaw Relation :	  mν= Yνμv2

d / M2
∆	


	

•  If mν ≈ 1eV, with Yν ≈ 1, then M∆ ≈ μ ≈ 1014−15 GeV. 	

    	
        ⇒ Not testable @ the LHC 	

•  If mν ≈ 1 eV, and M∆ ≈ 1 TeV, then Yνμ ≈ 10−8 GeV.	

 	

•  Small μ can be viewed as soft breaking term of lepton 
number.	
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Higgs Triplet Model (HTM)	  	  
	  •  It consists of standard Higgs weak doublet H and a scalar field ∆ 

transforming as a triplet under SU(2)L, with Y∆ = 2:                              
H ∼ (1, 2, 1) and ∆ ∼ (1, 3, 2) under SU(3)c × SU(2)L × U(1)Y	


	

	
 	
 H†= (φ+ , φ0)    and	


	

•  L = (DμH)†(DμH) + Tr (Dμ∆)†(Dμ∆) − V(H, ∆) + Lyukawa 	

	

The most general renormalizable Higgs potential:	

	  
•   V = M2

∆ Tr (∆†∆) − m2
H H†H + λ/4(H†H)2 +λ1(H†H) 

Tr(∆†∆)  +λ2(Tr (∆†∆))2 + λ3Tr (∆†∆)2 + λ4H†∆ ∆†H + 	

	
μHT iτ2∆†H.	
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Higgs Triplet Model (HTM)	  
•  After EWSB, 	
 	
<∆0> = vt 	
 	
&       <φ0> = vd 	


•  Minimization of the Higgs Potential yields:	


•  Higgs Spectrum: 	


ü  2 CP even h  and H: mixtures of φand ∆	

ü 1 CP odd A: dominated by triplet	

ü a pair of charged  H± :  dominated by triplet	

ü a pair of doubly charged H±±: purely triplet. .	


•  7 Independents parameters : 5 masses, μ and vt. 
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HTM: Constraint on vt	  

•  Modified form of the ρ parameter : 	

	

	
ρ0 = Mw

2/ cw
2Mz

2 ≃ 1−2vt
2/vd

2 ≈ 1 + δρ 

•  At the 2σ level, ρ0 = 1.0004  −0.0011
+0.0029, one 	


    gets an upper bound :    vt ≤ 5 GeV. 	

	

•  1-loop analysis is done: Similar conclusions.	


[S. Kanemura, K.Yagyu PRD85’2012] 	
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HTM: BFB Constraints	
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HTM:  Perturbative Unitarity Constraints	
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HTM:  Unitarity & BFB Constraints	

 

30 Modèle Standard des Interactions Électrofaible

3. étendre la symétrie de la théorie pour contenir une nouvelle symétrie comme la Super-
symétrie ou la Supergravité etc.....

Le figure 1.12 montre La probabilité pour que le bruit de fond produise un excès ressemblant
au signal, pour toutes les masses du boson de Higgs étudiées. Pour presque toutes les masses
la probabilité (courbe continue) est dÕau moins quelques pour cent ; cependant, à 126.5 GeV,
elle chute à 3 × 107, ou en d’autres termes une chance sur trois millions qui est la référence
’5-sigma’ généralement utilisée pour la découverte d’une nouvelle particule. L’existence d’un
Boson de Higgs du Modèle Standard à cette masse produirait un creux de 4.6σ.

1.3.8 Conclusion

Le MSM permet d’expliquer à l’aide de particules élementaires la structure de la matière
(fermions) ainsi que leurs intéractions véhiculèes par d’autres particules élementaires (bosons).
Ce modèle nécessite l’introduction d’un nouveau champ scalaire afin de pouvoir expliquer
l’origine de la masse des particules élementaires. Ce champ interagit avec les particules par le
biais du boson de Higgs, dont la masse n’est pas prédîte par le modèle. Aussi le fait que
le MSM ne répond pas à toutes les questions impose aux gens de le considérer comme une
synthèse actuelle de nos connaissances sur la matière, et une théorie effective d’une théorie
plus vaste qui doit apparaitre à l’échelle du TeV et au-delà. Mais mis à part ceci, le MSM
est en accord parfait avec les données expérimentales accessibles actuellement.

0 ≤ λ ≤ 2

3
κπ (1.84)

λ2 + λ3 ≥ 0 & λ2 +
λ3
2

≥ 0 (1.85)

λ2 + 2λ3 ≤
κ

2
π (1.86)

4λ2 + 3λ3 ≤
κ

2
π (1.87)

2λ2 − λ3 ≤ κπ (1.88)

|λ4| ≤ min

√

(λ± 2κπ)(λ2 + 2λ3 ±
κ

2
π) (1.89)

|2λ1 + λ4| ≤
√

2(λ− 2

3
κπ)(4λ2 + 3λ3 −

κ

2
π) (1.90)
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Higgs → γγ	   Higgs →  Z γ	  

Charged Higgs Triplet loop contributions	


&	  

	  SM contributions　	  
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h → γγ amplitude

Γ(h0 → γγ) =
GFα2M3

h

128
√
2π3

∣

∣

∣

∣

∑

f

NcQ
2
fghffA1/2(τf ) + ghWWA1(τW )

−
MW

g
(
ghH± H∓

m2
H±

A0(τH±) + 4
ghH±±H∓∓

m2
H±±

A0(τH±±))

∣

∣

∣

∣

2

with

gh0H++H−− = −2(λ2v∆sα + λ1vdcα) ≈ −λ1vd + ...

gh0H+H− = −
1

2
(2λ1 + λ4)vd + ...

NTU 24-06-2013 – p.42/54
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Higgs → γγ	  

Susy'	  2013,	  ICTP	  29/08/2013	   Mohamed	  Chabab	   17	  

•  To look for any excess in this decay channel and compare with 
LHC results, we define: 	


	

 R γγ= (σ(h → gg) × Br(h → γγ))HTM / (σ(h → gg) × Br(h → γγ))SM 	
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hat sign of λ1 is prefered by constraints?

(a) µ = 1 GeV , (b) µ = 8 GeV
It is possible to have both hH±±H∓∓ ≈ −λ1vd and
hH±H∓ ≈ −(2λ1 + λ4)vd > 0 and then H±± and H±

contribute constructively with W loops.

NTU 24-06-2013 – p.43/54



Susy'	  2013,	  ICTP	  29/08/2013	   Mohamed	  Chabab	   19	  

-2 0 2 4 6 8 10 12 1410-5

10-4

10-3

10-2

10-1

100

101

�
1

R �
�(
h0 )

mH++ = 450 GeV

mH++ = 165 GeVmH++ = 200 GeV
mH++ = 250 GeV
mH++ = 350 GeV

  

2

λ3 = 2λ2 = 0.2, mh = 126 GeV

Rγγ = σ(gg→h)×Br(h→γγ)
σSM (gg→h)×BrSM(h→γγ)

NTU 24-06-2013 – p.48/54



Susy'	  2013,	  ICTP	  29/08/2013	   Mohamed	  Chabab	  

Rγγ  as a function of  λ1  for var ious values of  λ4. 

Left : µ = 1 GeV,  h0is SM − like with m
h0 =125-126 GeV. 

Right : µ = 0.3 GeV, H 0is SM − like,  with m
H 0 =125-126 GeV. 

λ3 = 2λ2,  with -2 < λ2 < 2  and υt = 1 GeV.
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RZγ  as a function of  λ1  for var ious values of  λ4. 

Left : µ = 1 GeV,  h0is SM − like with m
h0 =125-126 GeV. 

Right : µ = 0.3 GeV, H 0is SM − like,  with m
H 0 =125-126 GeV. 

λ3 = 2λ2,  with -2 < λ2 < 2  and υt = 1 GeV.
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Correlation between Rzγ  and  Rγγ  



Susy'	  2013,	  ICTP	  29/08/2013	   Mohamed	  Chabab	   24	  

Summary & Conclusions	

•  Higgs  Triplet  Model  (HTM)  is  consistent  with  125  GeV 

higgs, it can fit the data even much better than SM	


•  We derive the full set of tree level perturbative unitarity and 
boundedness from below constraints for HTM.	


	

•  h → γγ is very sensitive to charged particles and can be 
used to set limits on the parameter space of the model.	


•  h → γγ and h → Zγ can be correlated or anti-correlated 
both in HTM .	


•  Unitarity  on the  SM-like  Higgs  is  ≤  700 GeV,  while  the 
other states H±, H0, H±± is very large (≈ 90 TeV).	
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µ (GeV) µ (GeV)

m
h
0
,H

0
,A

0
,H

±
,H

±
±
(G
e
V
)

Higgs boson masses as a function of µ with vt = 1 GeV, λ = 8π/3, λ1 = 0.5,
λ2 = λ3 = 0.1, λ4 = −1 (left) and λ4 = 10 (right)

Workshop on Multi Higgs Models @ lisbon, 31/08/2012 – p.23/40
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Correlation between Rγγ  and  Rγγ  with the range 
@ 1σ  and  2σ  of  the combined  values of Rγγ
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Scatter plot in [λ1,MH ++ ]  plane showing Rγγ . 
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Scatter plot in [λ1,MH ++ ]  plane showing RZγ . 
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Higgs masses 	


with 
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