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Massive Neutrinos

Neutrino phenomena

Neutrino oscillations (best fit from nu-fit.org):
solar θ12 » 340 ∆m2

21 » 7.5ˆ 10´5eV2

atmospheric θ23 » 420 |∆m2
23| » 2.5ˆ 10´3eV2

reactor θ13 » 8.50

Absolute mass scale:
cosmology Σmνi ă 0.23 eV [Planck, 2016]

β decays mνe ă 2.05 eV [Mainz, 2005; Troitsk, 2011]

Mixing pattern different from CKM, ν lightness ?
ÐÝ Different mass generating mechanism ?

SM: no ν mass term, lepton flavour is conserved
ñ need new Physics

- Radiative models
- Extra dimensions
- R-parity violation in supersymmetry
- Seesaw mechanisms
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Massive Neutrinos

Massive neutrinos

Simplest idea: Add Right-handed neutrinos νR (fermionic gauge singlet)
Lleptons

mass “ ´Y`L̄H`R ´ Yν L̄H̃νR ´
1
2 MRνRν

c
R ` h.c.

ñ After electroweak symmetry breaking xHy “
`0

v

˘

Lleptons
mass “ ´m``L`R ´ mDν̄LνR ´

1
2 MRνRν

c
R ` h.c.

3 νR without MR ñ 3 mass eigenstates: ν ‰ νc

3 νR with MR ñ 6 mass eigenstates: ν “ νc

νR gauge singlets
ñ MR not related to SM dynamics, not protected by symmetries
ñ MR between 0 and MP
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Triple Higgs coupling

A new opportunity

How to search for a heavy neutrino with mν ą Op1 TeVq ?
Can we put experimental limits on diagonal Yukawa couplings Yν ?

Use the Higgs sector to probe neutrino mass models

Before EWSB:

Vpφq “ ´µ2|φ|2 ` λ|φ|4

After EWSB: m2
H “ 2µ2 , v2 “ µ2{λ

VpHq “ 1
2 m2

HH2 ` 1
3!λHHHH3 ` 1

4!λHHHHH4

with λ0
HHH “ ´

3M2
H

v , λ0
HHHH “ ´

3M2
H

v2

HHH: – Validate the Higgs mechanism as the origin of EWSB
HHH: – Sizeable SM 1-loop corrections (Op10%q)
HHH: – One of the main motivations for future colliders
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Triple Higgs coupling

Experimental measurement of the HHH coupling

Extracted from HH production

Destructive interference between diagrams with and without λHHH

Most sensitive channel in the SM: VBF [Baglio et al., 2013]
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Triple Higgs coupling

Future sensitivities to the SM HHH coupling

[Contino et al., 2016]

[Fujii et al., 2015]

At hadron colliders
Production: gg dominates, VBF cleanest

- HL-LHC: „ 50% for ATLAS or CMS [CMS-PAS-FTR-15-002] and

[Baglio et al., 2013]

HL-LHC: „ 35% combined
- FCC-hh: 8% per experiment with 3 ab´1 using only

bb̄γγ [He et al., 2016]

FCC-hh: „ 5% combining all channels

At e`e´ collider
Main production channels: Higgs-strahlung and VBF

- ILC: 27% at 500 GeV with 4 ab´1 [Fujii et al., 2015]

ILC: 10% at 1 TeV with 5 ab´1 [Fujii et al., 2015]
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3+1 model

A generic approach

To illustrate the impact of a new fermion coupling via the neutrino portal

Simplified model with 3 light active and 1 heavy sterile neutrinos,
with masses m1, ...,m4 and mixing B

Modified couplings to W˘, Z0, H

L Q ´ g2?
2

¯̀
iγ
µW´

µ BijPLnj

´
g2

2 cos θW
n̄iγ

µZµpB:BqijPLnj

´
g2

2MW
n̄ipB

:BqijHpmni
PL ` mnj

PRqnj

B3ˆ4 “

¨

˝

Be1 Be2 Be3 Be4
Bµ1 Bµ2 Bµ3 Bµ4
Bτ1 Bτ2 Bτ3 Bτ4

˛

‚
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3+1 model

Beyond SM: simplified 3+1 Dirac model

...

New 1-loop diagrams and new counterterms
Ñ Evaluated with FeynArts, FormCalc and LoopTools

Strongest experimental constraints on active-sterile mixing:
EWPO [de Blas, 2013]

|Be4| ď 0.041
|Bµ4| ď 0.030
|Bτ4| ď 0.087

Loose (tight) perturbativity of λHHH:
˜

max|pB:Bqi4| g2 mn4

2MW

¸3

ă 16π p2πq

Width limit: Γn4
ď 0.6 mn4
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3+1 model

Momentum dependence

-40

-30

-20

-10

0

10

500 1000 1500 2000 2500

∆
(1

)
λ
h
h
h
[%

]

qH∗ [GeV]

0.8

1

1.2

1.4

200 1250 2500

SM

mn4
= 2.7 TeV

mn4
= 4 TeV

mn4
= 7 TeV

mn4
= 9 TeV

∆p1qλHHH “
1
λ0

`

λ1r
HHH ´ λ

0
˘

Assume Bτ4 “ 0.087, Be4 “ Bµ4 “ 0

Deviation of the BSM correction with respect to
the SM correction in the insert

max|pB:Bqi4|mn4 “ mt Ñ mn4 “ 2.7 TeV
tight perturbativity of λHHH bound: mn4 “ 7 TeV
width bound: mn4 “ 9 TeV

Largest positive correction at q˚H » 500 GeV, heavy ν decreases it

Large negative correction at large q˚H, heavy ν increases it
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3+1 model

Results in 3+1 simplified model

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

2 4 6 8 10 12 ∆
BSM [%]

|B
τ
4
|2

mn4
[TeV]

∆
BSM map with qH∗ = 500 GeV

-30%
-25%

-20%
-15%

-10%
-5%

0%

−10

−8

−6

−4

−2

0

Excluded by exp. constraints
Excluded by width bound

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

2 4 6 8 10 12 ∆
BSM [%]

|B
τ
4
|2

mn4
[TeV]

∆
BSM map with qH∗ = 2500 GeV

40%
35%

30%
25%

20%

15%

10%

5%

0

5

10

15

20

25

30

Excluded by exp. constraints

E
x
clu

d
ed

b
y

w
id

th
b
ou

n
d

∆BSM “ 1
λ1r,SM

HHH

´

λ1r,full
HHH ´ λ1r,SM

HHH

¯

Red line: tight perturbativity of λHHH bound
Heavy ν effects below the HL-LHC sensitivity (35%)
Heavy ν effects clearly visible at the ILC (10%) and FCC-hh (5%)
Similar behaviour for active-sterile mixing Be4 and Bµ4
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Inverse Seesaw

The inverse seesaw mechanism

Lower seesaw scale from approximately conserved lepton number
Add fermionic gauge singlets νR (L “ `1) and X (L “ ´1) [Mohapatra and Valle, 1986]

Linverse “ ´YνLφ̃νR ´MRν
c
RX ´

1
2
µXXcX ` h.c.

with mD “ Yνv ,Mν
“

¨

˝

0 mD 0
mT

D 0 MR

0 MT
R µX

˛

‚

mν «
m2

D

M2
R
µX

mN1,N2 « ¯MR `
µX

2

X X

νR νR

H

L

H

L

2 scales: µX and MR

Decouple neutrino mass generation from active-sterile mixing
Inverse seesaw: Yν „ Op1q and MR „ 1 TeV
ñ within reach of the LHC and low energy experiments
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Inverse Seesaw

Calculation and constraints in the ISS

Similar diagrams to the 3+1 Dirac scenario but with
Majorana neutrinos

Formulas for both Dirac and Majorana fermions
coupling through the neutrino portal are available

Accommodate low-energy neutrino data using parametrization

µX “ MT
R Y´1

ν U˚PMNSmνU:PMNS YT
ν
´1

MRv2 and beyond

Charged lepton flavour violation, e.g. BrpµÑ eγq ă 4.2ˆ 10´13 [MEG, 2016]

Global fit to EWPO and lepton universality tests [Fernandez-Martinez et al., 2016]

Width limit: ΓN ď 0.6 mN

Yukawa perturbativity: | Y
2
ν

4π | ă 1.5
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Inverse Seesaw

Results in the ISS
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∆BSM “ 1
λ1r,SM

HHH

´

λ1r,full
HHH ´ λ1r,SM

HHH

¯

Full calculation in black
∆BSM

approx “
p1 TeVq2

M2
R

`

8.45 TrpYνY:νYνY:νq ´ 0.145 TrpYνY:νYνY:νYνY:νq
˘

approximate formula in green
Largest deviations obtained for Yν diagonal
Agree with 3+1 Dirac analysis despite stronger constraints
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Conclusion

Conclusions

ν oscillations Ñ New physics is needed to generate masses and mixing

One of the simplest ideas: Add right-handed, sterile neutrinos

Corrections to the HHH coupling from heavy ν as large as 30%: measurable at future colliders
´ Maximal for diagonal Yν
´ Provide a new probe of the Op10q TeV region
´ Complementary to existing observables

Example of models where the corrections to λHHH only come from loops

Generic effect, expected in all models with TeV fermions and large Higgs couplings

Next step: Corrections to the di-Higgs production cross-section
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Backup

Backup slides
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Backup

Type I and low-scale seesaw

NR NR

H

L

H

L

Yν Yν
MR

Taking MR " mD gives the “vanilla” type 1 seesaw

mν “ ´mT
DM´1

R mD

Cosmological limit: Σmνi ă 0.23 eV [Planck, 2016]

mν „ 0.1 eV ñ
ˇ

ˇ

ˇ

ˇ

Yν „ 1 and MR „ 1014 GeV
Yν „ 10´6 and MR „ 102 GeV

Type I seesaw: mν suppressed by small active-sterile mixing mD{MR

Cancellation in matrix product (from L nearly conserved)
Ñ Low-scale seesaw with large active-sterile mixing mD{MR, e.g.
inverse seesaw [Mohapatra and Valle, 1986, Bernabéu et al., 1987]

linear seesaw [Akhmedov et al., 1996, Barr, 2004, Malinsky et al., 2005]

low-scale type I [Ilakovac and Pilaftsis, 1995] and others
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Backup

Renormalization procedure for the HHH coupling I

No tadpole: tp1qH ` δtH “ 0 ñ δtH “ ´tp1qH

Counterterms:

M2
H Ñ M2

H ` δM2
H

M2
W Ñ M2

W ` δM2
W

M2
Z Ñ M2

Z ` δM2
Z

e Ñ p1` δZeqe

H Ñ
?

ZH “ p1`
1
2
δZHqH

Full renormalized 1–loop triple Higgs coupling: λ1r
HHH “ λ0 ` λ

p1q
HHH ` δλHHH

δλHHH

λ0 “
3
2
δZH ` δtH

e
2MW sin θWM2

H
` δZe `

δM2
H

M2
H
´
δM2

W

2M2
W
`

1
2

cos2 θW

sin2 θW

ˆ

δM2
W

M2
W
´
δM2

Z

M2
Z

˙
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Backup

Renormalization procedure for the HHH coupling II

OS scheme

δM2
W “ ReΣT

WWpM
2
Wq

δM2
Z “ ReΣT

ZZpM
2
Zq

δM2
H “ ReΣHHpM

2
Hq

Electric charge:

δZe “
sin θW

cos θW

ReΣT
γZp0q

M2
Z

´
ReΣT

γγpM
2
Zq

M2
Z

Higgs field renormalization

δZH “ ´Re
BΣHHpk2q

Bk2

ˇ

ˇ

ˇ

ˇ

k2“M2
H
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Backup

SM 1-loop corrections

taken from [Arhrib et al., 2015]

tree-level: λ0
HHH » 190 GeV

Dominant contribution from top-quark loops
[Kanemura et al., 2004]

λHHHpq
2
,m2

H ,m2
Hq “ ´

3m2
H

v

«

1´
1

16π2

16m4
t

v2m2
H

ˆ

#

1`O

˜

m2
H

m2
t
,

q2

m2
t

¸+ff

Opposite sign for the threshold (
a

q2 “ 2mt) and
m2

t contributions
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Backup

Next-order terms in the µX-parametrization

Weaker constraints on diagonal couplings
Ñ Large active-sterile mixing mDM´1

R for diagonal terms

Previous parametrizations built on the 1st term in the mDM´1
R expansion

Ñ Parametrizations breaks down

Solution: Build a parametrization including the next order terms

The next-order µX-parametrization is then

µX »

ˆ

1´
1
2

M˚´1
R m:DmDMT´1

R

˙´1

MT
Rm´1

D U˚PMNSmνU:PMNSmT´1
D MR

ˆ

1´
1
2

M´1
R mT

Dm˚DM:´1
R

˙´1
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Backup

Results using the Casas-Ibarra parametrization
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0 ď θi ď 2π, pi “ 1, 2, 3q

0.2 TeV ď MR ď 1000 TeV

7ˆ 10´4 eV ď µX ď 8.26ˆ 104 eV

∆BSM “ 1
λ1r,SM

HHH

´

λ1r,full
HHH ´ λ1r,SM

HHH

¯

Strongest constraints:
‚ Lepton flavour violation, mainly µÑ eγ
‚ Yukawa perturbativity (and neutrino width)

Large effects necessarily excluded by LFV
constraints ?

Cédric Weiland (IPPP Durham) ν and HHH 27 September 2017 7 / 9



Backup

Suppressing LFV constraints

How to evade the LFV constraints ?

Approximate formulas for large Yν [Arganda, Herrero, Marcano, CW, 2015]:

Brapprox
µÑeγ “8ˆ 10´17GeV´4 m5

µ

Γµ
|

v2

2M2
R
pYνY:νq12|

2

Solution: Textures with pYνY:νq12 “ 0

Yp1qτµ “ |Yν |

¨

˝

0 1 ´1
0.9 1 1
1 1 1

˛

‚

Or even take Yν diagonal
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Backup

Results for Yp1qτµ
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Right: Full calculation in black, approximate formula in green
Well described at MR ą 3 TeV by approximate formula

∆BSM
approx “

p1 TeVq2

M2
R

´

8.45 TrpYνY:νYνY:νq ´ 0.145 TrpYνY:νYνY:νYνY:νq
¯

Can maximize ∆BSM by taking Yν 9 I3
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Backup
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