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Motivation
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Neutrinoless Double Beta Decay 5
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Figure 1. Feynman diagram for the standard interpretation (mass mechanism) of
neutrinoless double beta decay.

Here mi are the neutrino masses, and Uei are elements of the leptonic mixing, or

PMNS, matrix that is usually parametrized as

U =

⎛

⎜
⎝
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⎞

⎟
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where sij = sin θij , cij = cos θij and δ is the “Dirac phase” responsible for CP violation

in neutrino oscillation experiments. The diagonal phase matrix P = diag(1, eiα, ei(β+δ))
contains the two Majorana phases α and β, which are associated with the Majorana

nature of neutrinos and thus only show up in lepton number violating processes (a review

on properties of Majorana particles can be found in [28]). For three neutrinos we have

therefore 9 physical parameters, three masses m1,2,3, three mixing angles θ12, θ13, θ23
and three phases δ,α, β. The effective mass depends thus on 7 out of those 9 physical

neutrino parameters:

|mee| = f(θ12, θ13,α, β, m1, m2, m3) . (8)

Of these seven parameters, we currently do not know the phases and the lightest mass,

where in addition the mass ordering is unknown, i.e. it could be either m3 > m2 > m1

(normal ordering) or m2 > m1 > m3 (inverted ordering). Global fits of all available
neutrino data can be found in Refs. [29–31]. One can then use Eqs. (4, 5, 6) to plot

the three neutrino mass observables against each other [32], see Fig. 2, and interpret

potential current and future experimental results.

For instance, in case one finds positive results for mβ and |mee| in any of the green

or red areas in the upper plot of Fig. 2, then this would be a convincing confirmation

of the paradigm that there are three massive Majorana neutrinos mixing among each
other. Even more spectacular would be if inconsistencies arise, e.g. a measurement of

LHS fig. from New J.Phys. 17 (2015)

Neutrinoless double beta decay Heavy right handed neutrinos  
in b decays
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Present limits

• Search for new particle(s) that 
exist in addition to the SM 
neutrinos.  

• Strong theoretical motivation 
backing this search: νMSM 
(Shaposhnikov et.al.). 

• LHCb is only competitive in a 
region of phase space above 
charm mass. 

• Next generation experiment 
SHiP focuses on neutrinos from 
charm to cover the  
0.5 – 2.0 GeV region.
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LHCb

BELLE

JHEP 0905 (2009) 030 including LHCb and BELLE

arXiv:1504.04855 
arXiv:1504.04956 
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The LHCb detector

• LHCb is a dedicated flavour 
experiment in the forward region 
at the LHC  
( 1.9 < η < 4.9 ). 

• Down to 10 μm vertex 
reconstruction precision. 

• 98% μ id efficiency.  

• Collected 3.0 fb-1 from Run1 at 
7 and 8 TeV pp collisions. 

• Run2 is ongoing expected 5.0 
fb-1 at 13 TeV (double the cross 
section).
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Analysis strategy/1

• Previously in LHCb we have looked at specific B (D) 
decays into Majorana neutrinos: final states peaking at B 
(D) mass. 

• Our analysis considers all B hadron decays that can 
produce a Majorana neutrino. 

• This approach should naively be stronger by a factor of 
O(1000) wrt exclusive approach.
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Analysis strategy/2

• Different topology from previous analysis. 

• Selection. 

• Efficiency correction. 

• Calculation of coupling limit.
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Selection
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Cut at 0.01 ns

) + c.c. -µ+π→HNL (-µ→B

• Two μ must be of the 
same sign - help to 
reduce the background. 

• Split data sample in two: 
one for prompt and the 
other for displaced 
candidates. 

• Some kinematic variables 
can be used for cut based 
selection, some others 
can be fed into an MVA.
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Efficiency studies

• Calculate efficiency as 
a function of lifetime 
and coupling. 

• Do this for each value 
of Majorana mass. 

• Lifetime inversely 
proportional to 
coupling.
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• Production of b. 

• Production and decay of W corrected by ratio of decay of 
BSM to SM of W. 

• Exclusive decay of N to πμ. 

Sensitivity studies theory
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detected events = L⇥ �(bb)⇥ e↵ ⇥ B(Xb ! Xµ⌫)⇥ B(W ! µN)/B(W ! µ⌫)⇥ B(N ! µ⇡)



Federico Redi - Imperial College London

Sensitivity studies/2

• Need q2 (invariant mass of 
final state particles) 
distribution of W because of 
off-shell production. 

• In addition to b->c transitions 
we include b->u transition, 
Bc annihilation, etc. 

• Future steps involve the 
finalisation of the 
background studies and 
analysis of the possible 
systematic uncertainties. 
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Conclusion

• We have shown complementarity of heavy right handed 
neutrinos in b decays wrt neutrinoless double beta decay. 

• Different experiments can cover different phase space 
regions for Majorana mass. 

• Analysis strategy will allow improvement on past results. 

• Sensitivity studies completed, next steps involve 
background studies and systematic uncertainties.
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Thanks.
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• Searches for the decays of heavy mesons to final states with two same sign leptons. 

• Complementary to other searches,  
such as in neutrino-less double β  
decay (only coupling to e). 

• LHCb searches (will) constrain models  
like the type-I seesaw model with three  
right-handed neutrinos. 

• Very stringent limits are possible for rare B  
and D decays. 

• Particularly true for on- and off-shell Majorana Neutrinos in B and D decays. 

• A. Phys.Rev.Lett. 112 (2014) 131802: h∓ = π∓, with 3.0 fb−1 (7 TeV and 8 TeV). 

• B. Phys.Rev. D85 (2012) 112004: h∓ = D∓, D
∗∓, Ds

∓ and D0π∓, with ∼40 pb−1 (7 TeV). 

• C. Phys.Rev.Lett. 108 (2012) 101601:  h∓ = K∓ or π∓, with ∼36 pb−1 (7 TeV).

Majorana neutrinos at LHCb
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Introduction

Heavy Majorana neutrinos at LHCb and the B factories

‹ Majorana neutrinos are theoretically well
motivated

‹ See previous talks (e.g. F. Deppisch) for
more information

‹ Focus today on searches for the decays of
heavy mesons to final states with two
same sign leptons

W+ ⌫M

l+

l+
q

q
W�

Jon Harrison (UoM) Heavy Majorana ⌫’s ⌧ 2014, 17.09.14 2 / 17
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• Production of b 

• Production and decay of W: taken from the PDG. 

• Corrected by ratio of decay of BSM to SM of W: here we used the ratio of SM to BSM W production: 

• From PhysRevD.29.2539 we take the BSM part of the equation, namely: 

• Where we have used the q2 distribution of the daughters of the off-shell W. 

• Exclusive decay of N to πμ. To do this we take the same model as the one used in a previous analysis 
(LHCb-PAPER-2013-064) which was based upon arXiv:0901.3589. 
 
 
 

• Which therefore gives:

Sensitivity studies theory
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detected events = L⇥ �(bb)⇥ e↵ ⇥ B(Xb ! Xµ⌫)⇥ B(W ! µN)/B(W ! µ⌫)⇥ B(N ! µ⇡)
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Stripping cuts
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Figure 3: Position of the true end vertex of the Majorana neutrino for the old and new MC.

B cutsB cutsB cuts µ cutsµ cutsµ cuts
m 2 [1500, 6500] MeV Track �2/dof < 4
Vertex �2/dof < 4 p > 3000
DIRA < 0.99 pT > 250
(⇤0 vertex� B vertex)z > 0 mm Track ghost probability < 0.5
⇤0 cuts⇤0 cuts⇤0 cuts PIDµ-PID⇡ > 0
⇤0 parameters PIDµ-PIDp > 0
(⇤0 vertex� PV )�2 > 100 PIDµ-PIDK > 0
m > 1500MeV min IP �2 > 12
pT > 700MeV
Vertex �2/dof < 10
⇡ parameters
p > 2000 MeV
pT > 250 MeV
Track �2/dof > 4
min IP �2 > 10

Table 2: All the cuts applied to the B2Lambda0MuLines stripping line.

• p: total four momentum of a particle.

• pT: transverse momentum of a particle (transversal with respect to the beam axis z).

• m: mass of a particle.

• Vertex �2/dof: �2 of the fit to the decay vertex of the particle reconstructed divided
by the number of degrees of freedom.
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• Timing is low, rate is low at ~ 0.05 % even with no tight cuts applied: thanks to same sign muon signature. 

• Will be able to adjust the cuts when tested on 14 TeV data. 

• Will be run also on 3 invfb of data for the incremental restripping.
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LHCb track types
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Figure 14: A schematic illustration of the various track types [15] : long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a
function of the z coordinate.

have p > 1 GeV/c. They are therefore used to understand backgrounds in the542

particle-identification algorithm of the RICH.543

• Downstream tracks: traverse only through the TT and T stations. They are544

important for the reconstruction of K0
S and ⇤ particles that decay outside the VELO545

acceptance.546

• VELO tracks: traverse only through the VELO and are typically large-angle or547

backward tracks, which are useful for the primary vertex reconstruction.548

• T tracks: traverse only through the T stations. They are typically produced in549

secondary interactions, but are still useful for the global pattern recognition in550

RICH2.551
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Figure 16: Schematic diagram of track types in the LHCb detector with reference to the VELO,
TT and tracking stations one, two, and three. This analysis focuses on particles decaying into a
pair of long tracks.

5 Selection374

Figure 16 shows how di↵erent tracks are categorized in LHCb. In the case of the decay375

�! µ+µ�, the candidate dark boson could be reconstructed using long (L) or downstream376

(D) tracks. This analysis uses only the LL case, due to the fact that the trigger e�ciency377

is low (by a factor of at least 5, relative to that of LL) for cases using D tracks (see Sec. B378

and Table 20).379

5.1 Reconstruction and Stripping380

The o✏ine selection begins using the B2KpiX2MuMuDarkBosonLine stripping line for LL381

candidates from Stripping20r0p3 (Stripping20r1p3 for 2011 data). The selection cri-382

teria applied in these lines are outlined in Table 8. The variable DOCA is defined as the383

distance of closest approach between any two pairs of tracks in the candidate. Also used is384

the variable �2
FD, which is the change in vertex �2 when the signal candidate tracks are asso-385

ciated with the PV in the vertex fit. Candidates are reconstructed using DecayTreeFitter,386

where daughter particles are constrained such that the reconstructed K+⇡�µ+µ� invariant387

mass, m(K+⇡�µ+µ�), is equal to the nominal B0 mass. All references to m(�), m(K⇤)388

or ⌧(�) are to the values after this vertex fit has been performed.389

5.2 Triggering390

The triggers used are given in Table 9. All trigger lines with non-negligible e�ciency are391

used. Only TOS candidates are used in this analysis for two reasons: (1) the ratio of trigger392

e�ciency for the SM B0 ! K⇤0µ+µ� to that of (possibly displaced) � mode enters into393

the limits and, thus, must be precisely determined and (2) the use of TIS events would394
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 Limits in case of no background 
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