
Sangam@HRI 2018, 5-7 March, Allahabad



2018-03-07  Sangam@HRI"Higgs & Neutrinos" 2



2018-03-07  Sangam@HRI"Higgs & Neutrinos" 3



2018-03-07  Sangam@HRI"Higgs & Neutrinos" 4



2018-03-07  Sangam@HRI"Higgs & Neutrinos" 5

Degrassi, et.al., 1307.3536

New physics below ~1010GeV?
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𝑎𝑎0 𝑊𝑊𝑙𝑙𝑊𝑊𝐿𝐿 → 𝑊𝑊𝐿𝐿𝑊𝑊𝐿𝐿 =
1
32𝜋𝜋

𝑠𝑠
𝑣𝑣2 1 − 𝑎𝑎2 − 4

𝑚𝑚ℎ
2

𝑣𝑣2 + ⋯

*) 𝑎𝑎 = 1 in SM & MSSM

Perturbative unitarity bound

⇒ Λ 1 − 𝑎𝑎2,𝑚𝑚ℎ ≲ 1 𝑇𝑇𝑇𝑇𝑇𝑇

ℒ = 𝑚𝑚𝑊𝑊
2 𝑊𝑊𝜇𝜇𝑊𝑊𝜇𝜇 +

1
2
𝑚𝑚𝑍𝑍
2𝑍𝑍𝜇𝜇𝑍𝑍𝜇𝜇 1 + 2𝑎𝑎

ℎ
𝑣𝑣

*) 𝑎𝑎 ≈ 1 − 2𝑣𝑣2

𝑓𝑓2
in CH
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7
Baer, et.al., 2012
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𝜆𝜆 =
1
8 𝑔𝑔2 + 𝑔𝑔12 ≈ 0.07 ⇒ 𝑚𝑚ℎ

2 ≈
1
2 125 𝐺𝐺𝑇𝑇𝑇𝑇 2
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Hall, et.al., 2012

𝑋𝑋𝑡𝑡 = 𝐴𝐴𝑡𝑡 + 𝜇𝜇𝜇𝜇𝜇𝜇𝜇 ≈ 6 𝑚𝑚�̃�𝑡

𝑀𝑀𝑍𝑍
2 ∼ 𝑚𝑚𝐻𝐻𝑢𝑢,𝑑𝑑

2 ∼ 𝜇𝜇2
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𝐿𝐿 ~ 𝐻𝐻 (𝐻𝐻𝑐𝑐 = 𝜖𝜖𝐻𝐻∗) and thus 𝐿𝐿𝐻𝐻𝑐𝑐 is a SM singlet 

𝑦𝑦𝜈𝜈𝐷𝐷𝐿𝐿𝐻𝐻𝑐𝑐𝜈𝜈𝑐𝑐 + ℎ. 𝑐𝑐.→ m𝜈𝜈𝜈𝜈𝜈𝜈𝑐𝑐 + ℎ. 𝑐𝑐.→ y𝜈𝜈D =
m𝜈𝜈

𝐻𝐻0 ∼ 10−12

1
2𝑀𝑀

𝐿𝐿𝐻𝐻𝑐𝑐𝐿𝐿𝐻𝐻𝑐𝑐 + ℎ. 𝑐𝑐. →
𝑚𝑚𝜈𝜈

2
𝜈𝜈𝜈𝜈 + ℎ. 𝑐𝑐. → 𝑀𝑀 =

𝐻𝐻0 2

𝑚𝑚𝜈𝜈
∼ 1014𝐺𝐺𝑇𝑇𝑇𝑇



2018-03-07  Sangam@HRI"Higgs & Neutrinos" 12

−ℒ = 𝑌𝑌𝑁𝑁𝐿𝐿𝐻𝐻𝑐𝑐𝑁𝑁 +
𝑀𝑀𝑁𝑁

2
𝑁𝑁𝑁𝑁 + ℎ. 𝑐𝑐. → 𝑚𝑚𝜈𝜈= 𝑌𝑌𝑁𝑁 𝑀𝑀𝑁𝑁

−1𝑌𝑌𝑁𝑁𝑇𝑇 𝐻𝐻0 2

−ℒ = 𝑌𝑌∆LL∆ + 𝜇𝜇∆𝐻𝐻𝐻𝐻∆ +
𝑀𝑀∆
2

2
∆ 2 + ℎ. 𝑐𝑐.→ 𝑚𝑚𝜈𝜈 = 𝑌𝑌𝑁𝑁 ∆0 = 𝑌𝑌𝑁𝑁

𝜇𝜇∆ 𝐻𝐻0 2

𝑀𝑀∆
2

−ℒ = 𝑌𝑌ΣLHcΣ +
𝑀𝑀Σ

2
ΣΣ + ℎ. 𝑐𝑐. → 𝑚𝑚𝜈𝜈= 𝑌𝑌Σ 𝑀𝑀Σ

−1𝑌𝑌Σ𝑇𝑇 𝐻𝐻0 2
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−ℒ = 𝑌𝑌𝐿𝐿𝐻𝐻𝑐𝑐𝑁𝑁 + 𝑀𝑀𝑁𝑁𝑁𝑁𝑀 +
1
2
𝜇𝜇𝑁𝑁𝑀𝑁𝑁𝑀 → 𝑚𝑚𝜈𝜈= 𝑌𝑌𝑀𝑀−1𝜇𝜇𝑀𝑀−1𝑌𝑌𝑇𝑇 𝐻𝐻0 2

sin𝜃𝜃 =
𝑚𝑚𝐷𝐷

𝑚𝑚𝐷𝐷
2 + 𝑀𝑀2

sin𝜃𝜃𝑒𝑒,𝜇𝜇,𝜏𝜏 < 0.055, 0.057, 0.079

𝑦𝑦𝑒𝑒,𝜇𝜇,𝜏𝜏 ≈ sin𝜃𝜃𝑒𝑒,𝜇𝜇,𝜏𝜏
𝑀𝑀

174𝐺𝐺𝑇𝑇𝑇𝑇
Aguila et.al., 0803.4008

𝜇𝜇s𝜃𝜃 𝜈𝜈
sin𝜃𝜃 𝑁𝑁

𝑚𝑚𝐷𝐷 = 𝑌𝑌 𝐻𝐻0
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𝑦𝑦𝐿𝐿Ψ𝐷𝐷∆ + 𝑦𝑦𝑀𝐻𝐻Ψ𝐷𝐷𝑐𝑐𝜈𝜈𝑐𝑐 + 𝜇𝜇𝐻𝐻𝐻𝐻∆ + 𝑀𝑀Ψ𝐷𝐷Ψ𝐷𝐷𝑐𝑐

y𝜈𝜈D = 𝑦𝑦𝑦𝑦𝑀 𝑆𝑆 /𝑀𝑀

y𝜈𝜈D = 𝑦𝑦𝑦𝑦𝑀 ∆0 /𝑀𝑀

y𝜈𝜈D = 𝑦𝑦𝑦𝑦𝑀 Σ0 /𝑀𝑀

𝑦𝑦𝐿𝐿𝐻𝐻𝑐𝑐Ψ𝑇𝑇 + 𝑦𝑦𝑀Ψ𝑇𝑇
𝑐𝑐Σ𝜈𝜈𝑐𝑐 + 𝜇𝜇𝐻𝐻𝐻𝐻𝑐𝑐Σ + 𝑀𝑀Ψ𝑇𝑇Ψ𝑇𝑇

𝑐𝑐

Requies a (discrete) symmetry 
to forbid the 𝐿𝐿𝐻𝐻𝑐𝑐𝜈𝜈𝑐𝑐 term𝑦𝑦𝐿𝐿Ψ𝐷𝐷𝑐𝑐𝑆𝑆 + 𝑦𝑦𝑀𝐻𝐻𝑐𝑐Ψ𝐷𝐷𝜈𝜈𝑐𝑐 + 𝜇𝜇𝐻𝐻𝐻𝐻𝑐𝑐𝑆𝑆 + 𝑀𝑀Ψ𝐷𝐷Ψ𝐷𝐷𝑐𝑐

*) Low-energy signatures?

Murayama, Pierce 2002
𝑦𝑦𝑦𝑦𝑀
𝑀𝑀

𝐿𝐿𝐻𝐻𝑐𝑐𝑆𝑆𝜈𝜈𝑐𝑐

𝑦𝑦𝑦𝑦𝑀
𝑀𝑀

𝐿𝐿𝐻𝐻∆𝜈𝜈𝑐𝑐

𝑦𝑦𝑦𝑦𝑀
𝑀𝑀

𝐿𝐿𝐻𝐻𝑐𝑐Σ𝜈𝜈𝑐𝑐
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Vissani, 9709409

Farina, Pappadopulo, 
Strumia, 1303.7244

𝛿𝛿𝑚𝑚ℎ
2 = 4

𝑌𝑌𝑁𝑁2

16𝜋𝜋2 𝑀𝑀
2 ln

𝑀𝑀2

𝑀𝑀𝑝𝑝𝑙𝑙
2 − 1

𝑀𝑀 ≲ 𝑚𝑚ℎ 𝛿𝛿 16𝜋𝜋2
𝑚𝑚ℎ
𝑚𝑚𝜈𝜈

1/3

≈ 0.7 107𝐺𝐺𝑇𝑇𝑇𝑇 3 𝛿𝛿𝛿𝛿𝑚𝑚ℎ
2 ≲ 𝑚𝑚ℎ

2 𝛿𝛿

*) Viable low-scale leptogenesis?

*) Not applicable to SUSY Seesaw
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𝛿𝛿𝑚𝑚ℎ
2 = −6

6𝑔𝑔24 + 3𝑔𝑔𝑌𝑌4

4𝜋𝜋 4 𝑀𝑀2 3
2

ln2
𝑀𝑀2

𝑀𝑀𝑝𝑝𝑙𝑙
2 + 2 ln

𝑀𝑀2

𝑀𝑀𝑝𝑝𝑙𝑙
2 +

7
2

𝑀𝑀 ≲ 200 𝐺𝐺𝑇𝑇𝑇𝑇 𝛿𝛿

𝛿𝛿𝑚𝑚ℎ
2 =

𝑔𝑔24

4𝜋𝜋 4 𝑀𝑀
2 36 ln

𝑀𝑀2

𝑀𝑀𝑝𝑝𝑙𝑙
2 − 6

𝑀𝑀 ≲ 940 𝐺𝐺𝑇𝑇𝑇𝑇 𝛿𝛿

∆, Σ
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⇒ 𝛿𝛿𝑚𝑚ℎ
2 ∼ 4

𝜆𝜆′2

16𝜋𝜋2
𝑀𝑀2

𝜆𝜆 = 𝑎𝑎𝜆𝜆′, 𝑣𝑣𝑆𝑆 = 𝑏𝑏𝑣𝑣𝐻𝐻 ⇒ 𝑀𝑀 ≲ 𝑚𝑚ℎ 𝑎𝑎𝑏𝑏𝛿𝛿
16𝜋𝜋2𝑚𝑚ℎ
𝑚𝑚𝜈𝜈

1
3
≈ 0.7 107𝐺𝐺𝑇𝑇𝑇𝑇 3 𝑎𝑎𝑏𝑏𝛿𝛿

𝛿𝛿𝑚𝑚ℎ
2 ∼ 9

𝑔𝑔24

4𝜋𝜋 4 𝑀𝑀
2 ⇒ 𝑀𝑀 ≲ 𝑇𝑇𝑇𝑇𝑇𝑇 𝛿𝛿

*) without rigor

𝜆𝜆𝐿𝐿Ψ𝐷𝐷𝑐𝑐𝑆𝑆 + 𝜆𝜆′𝐻𝐻𝑐𝑐Ψ𝐷𝐷𝜈𝜈𝑐𝑐 + 𝜇𝜇𝐻𝐻𝐻𝐻𝑐𝑐𝑆𝑆 + 𝑀𝑀Ψ𝐷𝐷Ψ𝐷𝐷𝑐𝑐 ⇒ 𝑚𝑚𝜈𝜈 =
𝜆𝜆𝜆𝜆′𝑣𝑣𝑆𝑆𝑣𝑣𝐻𝐻
2𝑀𝑀

*) Heavy leptons at TeV with 𝜆𝜆𝜆𝜆′~10−12..
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−ℒ = 𝑦𝑦𝐿𝐿𝐻𝐻𝑐𝑐𝑁𝑁 + 𝑀𝑀𝑁𝑁𝑁𝑁𝑀 +
1
2
𝜇𝜇𝑁𝑁𝑀𝑁𝑁𝑀 → 𝑚𝑚𝜈𝜈= 𝑦𝑦𝑀𝑀−1𝜇𝜇𝑀𝑀−1𝑦𝑦𝑇𝑇 𝐻𝐻0 2

𝛿𝛿𝑚𝑚ℎ
2 ∼ 4

𝑦𝑦2

16𝜋𝜋2𝑀𝑀
2 < 𝑚𝑚ℎ

2 𝛿𝛿 𝑦𝑦𝑒𝑒,𝜇𝜇,𝜏𝜏 ≈ sin𝜃𝜃𝑒𝑒,𝜇𝜇,𝜏𝜏
𝑀𝑀

174𝐺𝐺𝑇𝑇𝑇𝑇

⇒ 𝑀𝑀 < 1.7𝑇𝑇𝑇𝑇𝑇𝑇
4 𝛿𝛿

sin𝜃𝜃/0.05
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Arhrib, et.al., 1105.1925
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Chao, Zhang, 0611323
Schmidt,  07053841
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EJC, Lee, Sharma, 1209.1303
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EJC, Lee, Sharma, 1209.1303
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EJC, Mummidi, Vempati, 1405.5478

𝑀𝑀 = 1𝑇𝑇𝑇𝑇𝑇𝑇 𝑀𝑀 = 2.5𝑇𝑇𝑇𝑇𝑇𝑇

Inverse seesaw contribution  in PMSSM  for 𝑚𝑚𝑠𝑠 < 3𝑇𝑇𝑇𝑇𝑇𝑇,𝑦𝑦 < 1. 
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𝑝𝑝𝑝𝑝 → 𝑍𝑍′ → 𝑁𝑁𝑁𝑁 → (𝑙𝑙𝑊𝑊, 𝜈𝜈𝑍𝑍, 𝜈𝜈ℎ)(𝑙𝑙𝑊𝑊, 𝜈𝜈𝑍𝑍, 𝜈𝜈ℎ)

Majorana nature  SSD signature of  𝑙𝑙±𝑙𝑙±𝑊𝑊∓𝑊𝑊∓

Displaced vertices for small Yukawa
RHN mass reconstruction: 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙
Higgs signature: 𝑙𝑙±𝑊𝑊∓𝜈𝜈ℎ

𝑁𝑁 → 𝑙𝑙±𝑊𝑊∓, 𝜈𝜈𝑍𝑍, 𝜈𝜈ℎ

Atlas-Conf-2017-028

Need to be checked if  …
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𝑝𝑝𝑝𝑝 → 𝑊𝑊∗ → 𝑙𝑙1𝑁𝑁 → 𝑙𝑙1𝑙𝑙2𝑊𝑊; 𝑙𝑙1𝜈𝜈𝑍𝑍; 𝑙𝑙1𝜈𝜈ℎ

 

Dev et.al., 1207.2756
Cely et.al., 1208.3654
Bandyopadhyay et.al., 1209.4803 

ℎ → 𝜈𝜈𝑁𝑁 → 𝜈𝜈𝑙𝑙1𝑊𝑊 → 𝜈𝜈𝑙𝑙1𝑙𝑙2
→ 𝜈𝜈𝜈𝜈𝑍𝑍 → 𝜈𝜈𝜈𝜈𝑙𝑙+𝑙𝑙−

Deppisch, et.al. 1502. 06541
Izaguirre, Shuve 1504.02470

si
n2
𝜃𝜃 𝜇𝜇 EWPD

LEP

Displaced 
lepton-jet

Trilepton
@LHC13
300/fb

*) only OSD for 
inverse seesaw
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∆0(𝐻𝐻0,𝐴𝐴0) → ℎℎ,ℎ𝑍𝑍 (?)

ATLAS 1710.09748

∆++ → 𝑙𝑙1+𝑙𝑙2+ (SSD)

Σ±→ 𝑙𝑙±ℎ, 𝑙𝑙±𝑍𝑍, 𝜈𝜈𝑊𝑊±; Σ0 → 𝜈𝜈ℎ, 𝜈𝜈𝑍𝑍, 𝑙𝑙±𝑊𝑊∓

Mass reconstruction: 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙 & 𝑀𝑀𝑙𝑙𝑙𝑙

𝑝𝑝𝑝𝑝 → Σ±Σ0 → 𝑙𝑙1
±ℎ 𝑙𝑙2

±𝑊𝑊∓ (DV)
𝑝𝑝𝑝𝑝 → Σ+Σ− → 𝑙𝑙1

±ℎ 𝑙𝑙2∓𝑍𝑍

CMS 1708.07962
multi-lepton searches assuming 𝐵𝐵𝑒𝑒 = 𝐵𝐵𝜇𝜇 = 𝐵𝐵𝜏𝜏

Francheschini et.al.
0805.1613

Bandyopadhyay et.al. 1112.3080

Bandyopadhyay, EJC 1007.2281
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EJC, Lee, Park, 0304069

𝜌𝜌 ≡
𝑚𝑚𝑊𝑊
2

𝑚𝑚𝑍𝑍
2 𝑐𝑐𝑊𝑊2

=
∑𝑖𝑖 𝑇𝑇 𝑖𝑖 𝑇𝑇 𝑖𝑖 + 1 − 𝑇𝑇3 𝑖𝑖 2 𝑣𝑣𝑖𝑖 2

2∑𝑖𝑖 𝑇𝑇3 𝑖𝑖 2 𝑣𝑣𝑖𝑖 2
= 1.00037 ± 0.00023

𝜌𝜌 =
1 + 2 𝑣𝑣∆2/𝑣𝑣Φ2

1 + 4 𝑣𝑣∆2/𝑣𝑣Φ2
⇒ 𝑣𝑣∆ < 3 GeV a𝜇 3𝜎𝜎
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EJC, Lee, Park, 0304069

NH IH1

*) Needs to be updated
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𝑀𝑀𝐻𝐻++
2 = 𝑀𝑀2 + 2

𝜆𝜆4 − 𝜆𝜆5
𝑔𝑔2 𝑀𝑀𝑊𝑊

2

𝑀𝑀𝐻𝐻+
2 = 𝑀𝑀𝐻𝐻++

2 + 2
𝜆𝜆5
𝑔𝑔2 𝑀𝑀𝑊𝑊

2

𝑀𝑀𝐻𝐻0,𝐴𝐴0
2 = 𝑀𝑀𝐻𝐻+

2 + 2
𝜆𝜆5
𝑔𝑔2 𝑀𝑀𝑊𝑊

2
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Planck 2014, Paris 39SS4L from Type II Seesaw       EJChun@KIAS



Planck 2014, Paris 40SS4L from Type II Seesaw       EJChun@KIAS

𝑥𝑥𝐻𝐻𝐴𝐴 =
𝛿𝛿𝑀𝑀𝐻𝐻𝐴𝐴

Γ𝐻𝐻/𝐴𝐴



Planck 2014, Paris

H0 A0

H+

H++

41SS4L from Type II Seesaw       EJChun@KIAS



Planck 2014, Paris 42SS4L from Type II Seesaw       EJChun@KIAS
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