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The neutrino flavour or interaction eigenstates are not  
Hamiltonian eigenstates in general: 
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1.	  NEUTRINO	  OSCILLATIONS	  AND	  MASS	  



Two flavour case 
for clarity: 
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Say at t=0 a νe is produced by some weak interaction process: 
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After time evolution:  
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Suppose they are ultrarelativistic 3-momentum eigenstates: 
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Probability that the state is νµ is: 
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Amplitude set by 
mixing angle Oscillation length set by 

Δm2/E=(m2
2-m1

2)/E 

For solar neutrinos, this formula is invalidated by the “matter effect” 
-- a refractive index effect for neutrinos. 



2.	  	  EXPERIMENTAL	  DISCOVERY	  OF	  NEUTRINO	  	  
	  	  	  	  	  OSCILLATIONS	  



Solar neutrinos 



pp ν	


Boron ν	

Beryllium ν	










Sudbury Neutrino Observatory (SNO) proves flavour conversion: 

Courtesy of SNO Collaboration 



diagrams courtesy of SNO collaboration 

SNO was a heavy water detector. 
 
It was sensitive to νe’s through charge-exchange  
deuteron dissociation: 



But, through Z-boson exchange, it was also sensitive to the  
TOTAL neutrino flux νe + νµ + ντ: 

Diagrams courtesy of SNO Collaboration 





Terrestrial confirmation from KAMLAND 

Integrated flux of anti-νe from Japanese (and Korean!) reactors 

Diagrams courtesy of KAMLAND collab. 





13. Neutrino mixing 33

 (km/MeV)
e!

/E0L
20 30 40 50 60 70 80 90 100 110

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

e!Data - BG - Geo  best-fit oscillation!3-
 best-fit oscillation!2-

Figure1.4: The ratio of the background and geoneutrino-subtracted ν̄e spectrum to
the predicted one without oscillations (survival probability) as a function of L0/E,
where L0=180 km. The histograms show the expected distributions based on the best-fit
parameter values from the two- and three-flavor neutrino oscillation analyses. The figure
is from Ref. 128.

solution is the real solution of the solar neutrino problem, KamLAND should observe
reactor ν̄e disappearance, assuming CPT invariance.

The first KamLAND results [15] with 162 ton·yr exposure were reported in December
2002. The ratio of observed to expected (assuming no ν̄e oscillations) number of events
was

Nobs − NBG

NNoOsc
= 0.611 ± 0.085 ± 0.041 (13.74)

with obvious notation. This result showed clear evidence of an event deficit expected
from neutrino oscillations. The 95% CL allowed regions are obtained from the oscillation
analysis with the observed event rates and positron spectrum shape. A combined global
solar + KamLAND analysis showed that the LMA is a unique solution to the solar
neutrino problem with > 5σ CL [126]. With increased statistics [16,127,128], KamLAND
observed not only the distortion of the ν̄e spectrum, but also for the first time the periodic
feature of the ν̄e survival probability expected from neutrino oscillations (see Fig. 13.4).

June 18, 2012 16:19



Atmospheric neutrinos 
Atmospheric neutrinos 



Cosmic rays hit upper 
atmosphere, produce 
pions and kaons. 
 
They decay to give 
neutrinos. 

µπ µν→

ee µν ν

Provided muons decay 
in time, you get 2:1 ratio 
of µ to e type neutrinos. 
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Figure 13.5: The zenith angle distributions for fully contained 1-ring e-like
and µ-like events with visible energy < 1.33 GeV (sub-GeV) and > 1.33 GeV
(multi-GeV). For multi-GeV µ-like events, a combined distribution with partially
contained (PC) events is shown. The dotted histograms show the non-oscillated
Monte Carlo events, and the solid histograms show the best-fit expectations for
νµ ↔ ντ oscillations. (This figure is provided by the Super-Kamiokande Collab.)

hypothesis is disfavored at 2.4σ.

Although the SK-I atmospheric neutrino observations gave compelling evidence
for muon neutrino disappearance which is consistent with two-neutrino oscillation
νµ ↔ ντ [131], the question may be asked whether the observed muon neutrino
disappearance is really due to neutrino oscillations. First, other exotic explanations such
as neutrino decay [132] and quantum decoherence [133] cannot be completely ruled out
from the zenith-angle distributions alone. To confirm neutrino oscillation, characteristic
sinusoidal behavior of the conversion probability as a function of neutrino energy E for
a fixed distance L in the case of long-baseline neutrino oscillation experiments, or as a
function of L/E in the case of atmospheric neutrino experiments, should be observed. By
selecting events with high L/E resolution, evidence for the dip in the L/E distribution
was observed at the right place expected from the interpretation of the SK-I data in terms
of νµ ↔ ντ oscillations [14], see Fig. 13.7. This dip cannot be explained by alternative

June 18, 2012 16:19

Super-‐K	  results	  



Terrestrial confirmation: K2K 



Terrestrial confirmation: MINOS 
 

Long baseline experiment from Fermilab to the 
Soudan mine in northern Minnesota 



neutrinos	   anFneutrinos	  



MINOS has also provided strong evidence that  
νµ’s oscillate into ντ’s 

Neutral	  current	  measurement	  



F.P. An et al: Improved Measurement of Electron Antineutrino Disappearance at Daya Bay 19

where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, ωd

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is σr (0.8%), as shown
in Table 6. The parameter σd (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter σB is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (αr,εd,ηd). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization ε
was determined from the fit to the data.

The survival probability used in the χ2 was

Psur = 1−sin2 2θ13 sin
2(1.267∆m2

31L/E)

− cos4 θ13 sin
2 2θ12 sin

2(1.267∆m2
21L/E) ,

where ∆m2
31 = 2.32×10−3eV2,sin2 2θ12 = 0.861+0.026

−0.022,
and ∆m2

21 =7.59+0.20
−0.21×10−5eV2 [53]. The uncertainty

in ∆m2
31 [14] had negligible effect and thus was not

included in the fit.
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Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been

corrected with the best-fit normalization pa-

rameter. Reactor and survey data were used

to compute the flux-weighted average base-

lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The χ2

value versus sin2 2θ13 is shown in the inset.

The best-fit value is

sin2 2θ13 =0.089±0.010(stat.)±0.005(syst.)

with a χ2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
efficiency and background, relative to those expected
assuming no oscillation. A ∼1.5% oscillation effect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
χ2 value versus sin22θ13 is shown in the inset.

The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa +βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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Fig. 24. Top: Measured prompt energy spec-

trum of the far hall (sum of three ADs) com-

pared with the no-oscillation prediction based

on the measurements of the two near halls.

Spectra were background subtracted. Uncer-

tainties are statistical only. Bottom: The ra-

tio of measured and predicted no-oscillation

spectra. The solid curve is the expected ra-

tio with oscillations, calculated as a function

of neutrino energy assuming sin2 2θ13 = 0.089

obtained from the rate-based analysis. The

dashed line is the no-oscillation prediction.

Reactor	  anF-‐νe	  disappearance	  and	  θ13	  

Daya	  Bay	  collaboraFon	  
Also:	  Reno,	  Double-‐CHOOZ,	  T2K,	  MINOS	  
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IV. SUMMARY OF OSCILLATION CONSTRAINTS AND IMPLICATIONS FOR ABSOLUTE MASSES

In this section we summarize the previous results in terms of one-parameter constraints, all the others being
marginalized away. We also show updated oscillation constraints on the main absolute mass observables [44, 45],
namely, the effective electron neutrino mass mβ (probed in β decay), the effective Majorana mass (probed in 0ν2β
decay searches), and the sum of neutrino masses Σ, which can be probed by precision cosmology.
Figure 3 shows the Nσ bounds on the 3ν oscillation parameters. Blue (solid) and red (dashed) curves refer to

NH and IH, respectively. The curves are expected to be linear and symmetric around the best fit only for gaussian
uncertainties. This is nearly the case for the squared mass differences δm2 and ∆m2, and for the mixing parameters
sin2 θ12 and sin2 θ13. The bounds on sin2 θ23 are rather skewed towards the first octant, which is preferred at <∼ 2σ in
NH and <∼ 3σ in IH. Also the probability distribution of δ is highly nongaussian, with some preference for δ close to
π, but no constraint above ∼2σ. As expected, there are no visible differences between the NH and IH curves for the
parameters δm2 and sin2 θ12, and only minor variations for the the parameters ∆m2 and sin2 θ13. More pronounced
(but <∼ 1σ) differences between NH and IH curves can be seen for sin2 θ23 and, to some extent, for δ.
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FIG. 3: Results of the global analysis in terms of Nσ bounds on the six parameters governing 3ν oscillations. Blue (solid) and
red (dashed) curves refer to NH and IH, respectively.

Fogli	  et	  al:	  PRD86	  (2012)	  013012	  



3.	  	  THE	  SEE-‐SAW	  MECHANISMS	  

Minimal	  standard	  model:	  
Q = I3 +

Y

2SU(3)c × SU(2)L × U(1)Y → SU(3)c × U(1)Q

qL ∼ (3, 2)(1/3) dR ∼ (3, 1)(−2/3) uR ∼ (3, 1)(4/3)
�L ∼ (1, 2)(−1) eR ∼ (1, 1)(−2)

mf = λf
v√
2

No	  RH	  neutrinos	  means	  zero	  neutrino	  masses	  

LYuk = λdij q̄iLHdjR + λuij q̄iLH̃ujR + λeij �̄iLHejR + H.c.

H ∼ (1, 2)(1) H̃ ≡ iτ2H
∗

�H� =
�

0
v/
√

2

�



Dirac	  neutrinos:	   simply	  add	   νR ∼ (1, 1)(0)

LYuk → LYuk + λνij �̄iLH̃νjR + H.c.

like	  all	  the	  other	  fermions	  

Possible,	  but	  (1)	  no	  explanaFon	  for	  why	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2)	  RH	  neutrino	  Majorana	  mass	  terms	  are	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  gauge	  invariant	  and	  thus	  can	  be	  in	  the	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Lagrangian	  	  

mν � mu,d,e

mD
ν = λν

v√
2



Type	  1	  see-‐saw:	  

L ⊃ λνij �̄iLH̃ νjR +
1
2
Mij(νiR)cνjR + H.c.

1
2

�
ν̄L (νR)c

� �
0 m

mT M

� �
(νL)c

νR

�

RH	  Majorana	  mass	  
Dirac	  mass	  

Neutrino	  mass	  
matrix:	  

For	  M	  >>	  m:	  	  3	  small	  evalues	  of	  magnitude	  mν=m2/M	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  large	  evalues	  of	  order	  M	  

see-‐saw	  

m ≡ mD
ν = λν

v√
2

ν̂L � νL −
m

M
(νR)c

NR � νR +
m

M
(νL)c

Majorana	  
estates:	   Notoriously	  hard	  to	  test	  because	  N	  is	  

mostly	  sterile	  to	  SM	  gauge	  interacFons	  
and	  also	  expected	  to	  be	  very	  massive	  

Minkowski;	  Gell-‐Mann,	  Ramond,	  Slansky;	  Yanagida;	  Mohapatra	  and	  Senjanovic	  



Type	  2	  see-‐saw:	   Add	  Higgs	  triplet	  instead	  of	  RH	  neutrinos:	  
∆ ∼ (1, 3)(2)

L ⊃ h

2
(�L)c�L∆ + H.c. mν = h�∆�

Why	  small	  <Δ>?	  

<H>	  induces	  linear	  
term	  in	  Δ	  

posiFve	  

�∆� � −Av2

µ2
∆

µ∆ � v, A

∆ =




∆++

∆+

∆0



 Weak	  and	  EM	  interacFons:	  
more	  testable	  

V = +µ
2
∆∆†∆ + 2A∆†

H
2 + λ∆(∆†∆)2 + . . .

Magg;	  Welerich;	  Schechter;	  Valle;	  Lazarides;	  Shafi;	  Mohapatra;	  Senjanovic;	  Cheng;	  Li.	  
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(c)

Fig. 2 Upper limit at 95% CL on the cross section times branching
ratio for pair production of H

±± bosons decaying to (a) e
±

e
±, (b)

µ±µ±, and (c) e
±µ± pairs. The observed and median expected limits

are shown along with the 1σ and 2σ variations in the expected limits.
In the range 70<m(H±±)< 110 GeV, no limit is set in the e

±
e
± chan-

nel. Also shown are the theoretical predictions at next-to-leading order
for the pp → H

±±
H

∓∓ cross section for H
±±
L

and H
±±
R

bosons. The
variation from bin to bin in the expected limits is due to fluctuations in
the background yields derived from small MC samples.

Table 1 Lower mass limits at 95% CL on H
±± bosons decaying to

e
±

e
±, µ±µ±, or e

±µ± pairs. Mass limits are derived assuming branch-
ing ratios to a given decay mode of 100%, 33%, 22%, or 11%. Both
expected and observed limits are given.

BR(H±±
L

→ �±��±) 95% CL lower limit on m(H±±
L

) [GeV]

e
±

e
± µ±µ±

e
±µ±

exp. obs. exp. obs. exp. obs.
100% 407 409 401 398 392 375
33% 318 317 317 290 279 276
22% 274 258 282 282 250 253
11% 228 212 234 216 206 190

BR(H±±
R

→ �±��±) 95% CL lower limit on m(H±±
R

) [GeV]

e
±

e
± µ±µ±

e
±µ±

exp. obs. exp. obs. exp. obs.
100% 329 322 335 306 303 310
33% 241 214 247 222 220 195
22% 203 199 223 212 194 187
11% 160 151 184 176 153 151

e
±

e
± and µ±µ± final states and 11% for the e

±µ± final
state. In addition, the same mass limits can be placed on the
singlet H

±± in the Zee-Babu model as its production cross
sections and decay kinematics are the same as for H

±±
L

. Fig-
ure 3 shows the mass limits as a function of the branching
ratio into each of the three final states.

In conclusion, a search for doubly-charged Higgs bosons
decaying to e

±
e
±, e

±µ±, or µ±µ± has been performed by
searching for a narrow resonance peak in the dilepton mass
distribution. No such peak was observed in a data sample
corresponding to an integrated luminosity of 4.7 fb−1 of pp

collisions at
√

s = 7 TeV recorded by the ATLAS detector
at the LHC in 2011. Cross-section limits between 17 fb and
0.6 fb are set depending on the mass of the H

±± boson and
the final state. Assuming pair production, couplings to left-
handed fermions, and a branching ratio of 100% for each
final state, masses below 409 GeV, 398 GeV, and 375 GeV
are excluded at 95% CL for e

±
e
±, µ±µ±, and e

±µ± final
states, respectively. Lower mass limits are also set for sce-
narios with right-handed couplings or smaller branching ra-
tios. The limits on H

±±
L

bosons also apply to the singlet in
the Zee-Babu model.
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Fig. 2 Upper limit at 95% CL on the cross section times branching
ratio for pair production of H

±± bosons decaying to (a) e
±

e
±, (b)

µ±µ±, and (c) e
±µ± pairs. The observed and median expected limits

are shown along with the 1σ and 2σ variations in the expected limits.
In the range 70<m(H±±)< 110 GeV, no limit is set in the e

±
e
± chan-

nel. Also shown are the theoretical predictions at next-to-leading order
for the pp → H

±±
H

∓∓ cross section for H
±±
L

and H
±±
R

bosons. The
variation from bin to bin in the expected limits is due to fluctuations in
the background yields derived from small MC samples.

Table 1 Lower mass limits at 95% CL on H
±± bosons decaying to

e
±

e
±, µ±µ±, or e

±µ± pairs. Mass limits are derived assuming branch-
ing ratios to a given decay mode of 100%, 33%, 22%, or 11%. Both
expected and observed limits are given.

BR(H±±
L

→ �±��±) 95% CL lower limit on m(H±±
L

) [GeV]

e
±

e
± µ±µ±

e
±µ±

exp. obs. exp. obs. exp. obs.
100% 407 409 401 398 392 375
33% 318 317 317 290 279 276
22% 274 258 282 282 250 253
11% 228 212 234 216 206 190

BR(H±±
R

→ �±��±) 95% CL lower limit on m(H±±
R

) [GeV]

e
±

e
± µ±µ±

e
±µ±

exp. obs. exp. obs. exp. obs.
100% 329 322 335 306 303 310
33% 241 214 247 222 220 195
22% 203 199 223 212 194 187
11% 160 151 184 176 153 151

e
±

e
± and µ±µ± final states and 11% for the e

±µ± final
state. In addition, the same mass limits can be placed on the
singlet H

±± in the Zee-Babu model as its production cross
sections and decay kinematics are the same as for H

±±
L

. Fig-
ure 3 shows the mass limits as a function of the branching
ratio into each of the three final states.

In conclusion, a search for doubly-charged Higgs bosons
decaying to e

±
e
±, e

±µ±, or µ±µ± has been performed by
searching for a narrow resonance peak in the dilepton mass
distribution. No such peak was observed in a data sample
corresponding to an integrated luminosity of 4.7 fb−1 of pp

collisions at
√

s = 7 TeV recorded by the ATLAS detector
at the LHC in 2011. Cross-section limits between 17 fb and
0.6 fb are set depending on the mass of the H

±± boson and
the final state. Assuming pair production, couplings to left-
handed fermions, and a branching ratio of 100% for each
final state, masses below 409 GeV, 398 GeV, and 375 GeV
are excluded at 95% CL for e

±
e
±, µ±µ±, and e

±µ± final
states, respectively. Lower mass limits are also set for sce-
narios with right-handed couplings or smaller branching ra-
tios. The limits on H

±±
L

bosons also apply to the singlet in
the Zee-Babu model.
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singlet H

±± in the Zee-Babu model as its production cross
sections and decay kinematics are the same as for H
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ure 3 shows the mass limits as a function of the branching
ratio into each of the three final states.

In conclusion, a search for doubly-charged Higgs bosons
decaying to e
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±µ±, or µ±µ± has been performed by
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distribution. No such peak was observed in a data sample
corresponding to an integrated luminosity of 4.7 fb−1 of pp

collisions at
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s = 7 TeV recorded by the ATLAS detector
at the LHC in 2011. Cross-section limits between 17 fb and
0.6 fb are set depending on the mass of the H
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the final state. Assuming pair production, couplings to left-
handed fermions, and a branching ratio of 100% for each
final state, masses below 409 GeV, 398 GeV, and 375 GeV
are excluded at 95% CL for e

±
e
±, µ±µ±, and e
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Figure 2: Invariant mass distribution of the N± candidates, Z(��)��, in the signal region, for data (black

points), and the expected total background (solid histograms). The rightmost bins in the histograms

include overflow events.

Table 4: The product of the signal acceptance and efficiency (including B(Z → ��)) for each simulated

mass point.

mN [ GeV] Aε
100 0.0006

120 0.0091

160 0.012

200 0.011

300 0.010

500 0.006

Table 5: The expected and observed event yields inside and outside of each mass bin, where the uncer-

tainties include both statistical and systematic added in quadrature.

mN Expected Events (Inside signal mass bin) Observed Signal Outside signal mass bin

(GeV) ZZ Z+jets VVV tt̄V Total Events Events Expected Observed Signal only

120 5.0 ± 0.4 < 1.7 0.05 ± 0.05 0.16 ± 0.08 5.7 ± 1.7 4 17.8 ± 1.2 14.5 ± 1.3 15 2.8 ± 0.5

160 2.2 ± 0.2 < 0.4 0.05 ± 0.05 0.10 ± 0.05 2.5 ± 0.5 3 7.6 ± 0.5 16.1 ± 0.2 16 2.9 ± 0.3

200 0.85 ± 0.07 <0.15 0.03 ± 0.03 0.05 ± 0.03 1.0 ± 0.2 1 1.0 ± 0.1 18.9 ± 1.3 18 0.6 ± 0.1

300 0.28 ± 0.03 <0.15 0.02 ± 0.02 0.04 ± 0.02 0.4 ± 0.2 0 0.25 ± 0.02 19.4 ± 1.3 19 0.19 ± 0.02

500 0.03 ± 0.01 <0.02 0.004 ± 0.004 0.006 ± 0.003 0.04 ± 0.04 0 0.015 ± 0.002 19.7 ± 1.3 19 0.059 ± 0.005
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Table 6: The expected and observed limits on mN obtained using the frequentist method, specified at a

95% confidence level, for six assumed sets of branching fractions.

Mass limit [GeV]

B(N± → Z�±)B(N0 → W±�∓) Expected Observed

1.00 350 350

0.66 326 330

0.33 284 290

0.25 266 280

0.15 240 230

where the lepton can be an electron or a muon. The branching fractions of N0 → W±�∓ and N± → Z�±

depend on mN [19].

The frequentist CLs method is used to determine 95% CL upper limits on the number of events for

each mass bin [54]. The upper limits on σB(N± → Z�±)B(N0 → W±�∓) are determined as a function of

the fermion mass mN , shown in Figure 3. Two theoretical cross section curves are overlaid, corresponding

to maximal (unity) and the predicted values of the product of branching fractions, B(N± → Z�±)B(N0 →
W±�∓). The predicted value peaks at 0.20 at 135 GeV and asymptotically falls to 0.13 from 500 GeV

onwards [19]. The mass limit on mN is also determined as a function of the product of branching

fractions B(N± → Z�±)B(N0 → W±�∓), shown in Figure 4. In Table 6, lower limits on the mass are

given for several values of B(N± → Z�±)B(N0 → W±�∓).
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Figure 3: The expected (dashed line) and observed (solid line) exclusion limits at 95% confidence level

on σB as a function of the fermion mass mN assuming |Ve| = 0.055, |Vµ| = 0.063 and |Vτ| = 0 and for

B=1 (theory LO). The dark(green) and light (yellow) shaded areas represent the 1 standard deviation

(68% C.L.) and 2 standard deviations (95% CL) limits on the expected, respectively. At mN = 420 GeV,

the probability to have equal to or more than the observed number of events with a background only

hypothesis, p0, is found to be 0.20.

Assuming B(N± → Z�±)B(N0 → W±�∓) = 1, a limit of mN > 350 GeV is expected: the observed

limit is mN > 350 GeV. When B(N± → Z�±)B(N0 → W±�∓) is set to the nominal mass dependent
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Seesaw	  Models	  -‐	  a	  common	  thread:	  

Dimension-‐5	  Weinberg	  effecFve	  
operator	  (1/M)LLHH	  (shorthand).	  

�
(�L)cH

�

1
(�LH)1

∆L = 2



4.	  	  RADIATIVE	  NEUTRINO	  MASS	  GENERATION	  

Start	  with	  the	  Weinberg	  operator	  and	  “open	  it	  up”	  –	  derive	  it	  in	  the	  low-‐
energy	  limit	  of	  a	  renormalisable	  model	  –	  in	  all	  possible	  minimal	  ways.	  
	  
You	  will	  then	  systemaFcally	  construct	  the	  three	  see-‐saw	  models.	  
	  
This	  procedure	  can	  be	  used	  for	  higher	  mass-‐dimension	  ΔL=2	  effecFve	  
operators.	  
	  
In	  principle,	  one	  can	  construct	  all	  possible	  minimal*	  models	  of	  Majorana	  
neutrinos.	  
	  
All	  d>5	  operators	  [except	  those	  of	  the	  form	  LLHH(H	  Hbar)n]	  produce	  neutrino	  
mass	  only	  at	  loop-‐level.	  	  For	  success	  need	  1-‐loop,	  2-‐loop	  and	  maybe	  3-‐loop	  
scenarios.	  

*	  Have	  to	  define	  “minimal”	  –	  there	  are	  always	  assumpFons.	  



d	   f	   operator(s)	   scale	  from	  mν 
(TeV)	  

model(s)?	   comments	  

7	   4	   107	   Z	  (1980,d)	   pure-‐leptonic,1-‐
loop,	  ruled	  out	  

105,8	   BJ	  (2012,d)	  BL	  
(2001,b)	  

2012	  =	  2-‐loop	  
2001	  =	  1-‐loop	  

107,9	   BL	  (2001,b)	   1-‐loop	  
vector	  leptoquarks	  

104	   BJ	  (2010,d)	   2-‐loop	  

9	   4	   106	   BL	  (2001,b)	   1-‐loop	  

107	  

102	  

105	   purely	  leptonic	  

106	  

107	   BL	  (2001,b)	   1-‐loop	  

d=detailed,	  b=brief	  B=Babu	  	  J=Julio	  	  L=Leung	  	  Z=Zee	  	  	  

O2 = LLLecH

O3 = LLQdcH(2)

O4 = LLQ̄ūcH(2)

O8 = LēcūcdcH

O5 = LLQdcHHH̄

O6 = LLQ̄ūcHHH̄

O61 = (LLHH)(LecH̄)

O66 = (LLHH)(QdcH̄)

O71 = (LLHH)(QucH)

O7 = LQēcQ̄HHH



d	   f	   operator(s)	   scale	  from	  mν 
(TeV)	  

model(s)?	   comments	  

9	   6	   103	   BZ	  (1988,d)	   2-‐loop,	  purely	  leptonic	  

104	   BL	  (2001,b)	   two	  2-‐loop	  models	  

30,	  	  104	   BL	  (2001,b)	  
A	  (2011,d)	  

three	  2-‐loop	  models	  
one	  2-‐loop	  model	  

104,7	   BL	  (2001,b)	   2-‐loop	  

104	  

103,6	  

103	   at	  least	  3-‐loop	  

2	   at	  least	  3-‐loop	  

2	   at	  least	  3-‐loop	  

2	   at	  least	  3-‐loop	  

1	   dGJ	  (2008,b)	   at	  least	  3-‐loop	  

40	   at	  least	  3-‐loop	  

O9 = LLLe
c
Le

c

O10 = LLLe
c
Qd

c

O11 = LLQd
c
Qd

c(2)

O13 = LLQ̄ū
c
Le

c

O14 = LLQ̄ū
c
Qd

c(2)

O15 = LLLd
c
L̄ū

c

O16 = LLē
c
d

c
ē
c
ū

c

O17 = LLd
c
d

c
d̄

c
ū

c

O18 = LLd
c
u

c
ū

c
ū

c

O19 = LQd
c
d

c
ē
c
ū

c

O20 = Ld
c
Q̄ū

c
ē
c
ū

c

A=Angel	  	  	  	  	  	  dGJ=deGouvêa+Jenkins	  

O12 = LLQ̄ū
c
Q̄ū

c(2)



L Lc L

Lc

L

Lc

Lc L

Lc

L

L L

LL

ec ec

L L

LL

ec ec

L LLL

H H

ec ec

h h

k

O9
O9 = LLLe

c
Le

c

Zee-‐Babu	  model	  

EffecFve	  op	   Opening	  it	  up	   2-‐loop	  nu	  mass	  
diagram	  

Doubly-‐charged	  
scalar	  k	  

The	  previously	  shown	  ATLAS	  bounds	  on	  doubly-‐charged	  scalars	  coupling	  
to	  RH	  charged	  leptons	  apply	  to	  this	  model	  as	  well.	  



Angelic	  O11	  model	   O11 = LLQd
c
Qd

c(2)

φ ∼ (3∗, 1, 2/3) f ∼ (8, 1, 0)

L = λLQ
ab L

c
aQbφ + λf

adafφ∗ +
1
2
mff

c
f + H.c.

ΔL=2	  term	  

(Angel,	  Cai,	  Rodd,	  Schmidt,	  RV,	  nearly	  finished!)	  

leptoquark	  scalar	   colour	  octet	  fermion	  



Neutrino	  mass	  and	  mixing	  angles	  can	  be	  filed	  
with	  mf,	  mϕ	  ~	  TeV	  and	  couplings	  0.01-‐0.1.	  
	  
Need	  two	  generaFons	  of	  ϕ	  to	  get	  rank-‐2	  	  
neutrino	  mass	  matrix.	  
	  
Flavour	  violaFon	  bounds	  can	  be	  saFsfied.	  



5.	  	  FINAL	  REMARKS	  

•  Neutrinos	  have	  mass.	  	  We	  don’t	  know	  Dirac	  
	  	  	  	  	  	  or	  Majorana,	  or	  the	  mechanism.	  
•  Conspicuously	  light:	  different	  mechanism?	  
•  The	  answer	  “probably”	  lies	  beyond	  the	  LHC,	  
	  	  	  	  	  	  but	  at	  the	  very	  least	  we	  should	  understand	  
	  	  	  	  	  	  what	  the	  LHC	  excludes.	  


