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Outline

• LHCb can exploit its unique features to search for exotic 
phenomena in different ways 

• Exotic hadronic structure 
see Mikhail Shapkin's talk in the HF parallel session 
and Giovanni Veneziano’s “Results on Rare Decays” talk. 

• Very rare decays
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Introduction

3

https://indico.cern.ch/event/386054/



Federico Redi - Imperial College London

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

• 3.0 fb-1 from Run1 at 7 and 8 TeV. 

• Precise vertex reconstruction < 10 μm vertex  
resolution in transverse plane. 

• Lifetime resolution of ~ 0.2 ps for τ = 100 ps. 

• Muons clearly identified and triggered: 98% μ± efficiency.  

• Great mass resolution: typically 7–20 MeV. 

• Low pT trigger means low masses accessible. Ex: pTμ > 1.5 GeV.

VELO 

Tracking 

RICH 

Calorimeter 

Muon system 

The LHCb detector
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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�
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• LHCb uses B±→π∓μ±μ± with 3.0 
fb−1 (7 TeV and 8 TeV). 

• mN window of 250 − 5000 MeV 
and lifetimes from zero to  
1000 ps are probed. 

• The existing experimental limits 
for the mixing parameter  
|Vμ4| as a function of the mass 
of the Majorana neutrino m4 
shows that LHCb could play a 
significant role in the region 
above 2 GeV.

Searches for same sign muons from B decays
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Majorana neutrino at LHCb

• Split into Short (SL) (one vertex) and Long (LL) (two vertices) neutrino 
lifetimes. For LL the π∓μ± vertex can be displaced.  

• Channel is normalised to B+ → J/ψK+ and with charmonium backgrounds 
(green) estimated from data. 

• The search is performed in a 2σ window around B+ mass using CLs 
method to set upper limits using a p-value of 5%.
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Limits

• The efficiency is highest for τN of 
a few ps, it decreases rapidly until 
about 200 ps when it levels off 
until about 1000 ps and beyond it 
vanishes as π∓μ± vertex is outside 
VELO.  

• The τN dependence is taken into 
account by using different 
efficiencies for each lifetime step. 

• Limits on the fourth generation 
coupling |Vμ4|2 as a function of 
neutrino mass are extracted as 
function of mN. 
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Review of results
• BELLE            Phys.Rev. D87 (2013) 071102 

• Performs direct search for N → l±π∓ using 
B→lXN with X = D(∗), light meson or nothing 
and l = e,μ 

• Set upper limits on both |Ve4|
2
, and |Vμ4|

2
.
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• BaBar          Phys.Rev. D89 (2014) 011102 

• Performs direct search  
B

+
 → X−l+l′+ with l,l’=e,μ. 

• Limits on the ρ−, π− and K− modes are an 
order of magnitude improvement on 
previous results.

B+ ! X� l+ l0+ at BABAR

BABAR results

‹ Use a Bayesian approach to set
90% CL upper limits

‹ Statistical uncertainties are
dominant

‹ Limits in the range
(1.5 � 26)⇥ 10�7

‹ Limits on the ⇢�, ⇡� and K

�

modes are an order of magnitude
improvement on previous results
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Low mass dark boson
• Higgs discovered is so far consistent with SM 

Higgs boson. It could still couple to exotic 
particles: inflaton (LL), dark matter mediator (SL), 
axion-like (SL), etc. 

• LL: Long lifetime: Displaced vertex kills most 
of background; lower reconstruction 
efficiency. 

• SL: Short lifetime Prompt decay: 
contamination from SM. Higher 
reconstruction efficiency. 

• The blinded analysis uses the decay  
signature B→K*(Kπ)χ(μμ): large top-quark 
Yukawa coupling and fully reconstructing the B0. 

• Dimuon vertex can be displaced from the K* 
vertex. 
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Strategy of the search for dark bosons
• We are looking for di-muon resonance: 

• Scan dimuon mass spectrum. 

• Do this with a set of mtest in steps of 1/2 σm where σm = 1 
÷ 7 MeV is the dimuon mass resolution.  

• Wide resonances are safe. but narrow resonances 
must be vetoed. 

• Test statistic performed for each mtest. 

• A global p-value is assigned from the minimum local p-
value observed.  

• fraction of toys that have a minimum local p-value 
less than the observed in data. 

• Takes count of the Look Elsewhere Effect.
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Strategy of the search

[M.Williams JINST 10(2015)P06002]

Looking for di-muon resonance:

•
B

0 mass constrained

• Di-muon mass resolution �m = 1÷ 7 MeV

• Scan mtest in steps of 1/2 �m

� wide resonances are safe
� narrow resonances must be vetoed

• Test statistic performed for each mtest

• A global p-value is assigned from the
minumum local p-value observed
� fraction of toys that have a minumum local

p-value less than the observed in data
� takes count of the Look Elsewhere E↵ect

9 of 13
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Unblinded fit results
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• The decay B→K*μμ is used as normalisation mode in the region 1.1<q2<6.0 GeV2. Same final state 
allow to cancel many systematic errors. 

• Selection triggers on muons factorising lifetimes into two separate components: prompt and 
displaced. 

• A dedicated multi variate analysis (uBDT) is used. The performance is (nearly) independent of the 
mass and lifetime of χ [JINST 8(2013) P12013]. 

• Unblinded dimuon mass (for candidates in the B mass window) shows no evidence of a dark boson. 
Local p-value of 0.02.
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• No deviation-from background is observed. 

• Can set model independent limits (LHS axis) using a 95% CL upper limit as function of mass and 
lifetime for a new χ, in the range studied. 

• Assuming new particle is scalar we can set limits to BF (RHS axis). 

• Best limits are O(10
-9

) for τ < ~10 ps. Less stringent for larger lifetime (due to loss of reconstruction 
efficiency). Vetoed regions are visible as before. 
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Review of results
• Model dependent and model independent. 

Showing here model dependent for B → XsL, 
where Xs is a strange hadron (S=−1) and L is a 
long-lived neutral particle decaying to f=l

+
l’

- 

l = (e, μ, K). 

• Requirements: displaced L vertex and two body 
decay kinematics. No additional specific 
requirements on the reaction. 

• Search performed by fitting L mass distribution.  

• W.r.t. LHCb is more general but also larger 
background. 

• No attempt to set limits for τL < 30ps. 

• Where limits are set, LHCb is more stringent.
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• A number of new results on searches for 
low mass in heavy flavour hadron decay. 

• Majorana neutrino and dark bosons are 
most recent results, LHCb plays a key 
role in the game. 

• World’s best limits on several branching 
fractions, possibility to set world’s best 
limits on fourth generation coupling in 
phase space above charm threshold. 

• B factories continue to exploit their 
dataset and will come back with 
BELLEII, until then it is up to the LHC. 

• New results from LHCb are to be 
expected both with new and old data.

LHCb

BELLE

JHEP 0905 (2009) 030 including LHCb and BELLE

Conclusions
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LHCb track types

17

Upstream track

TT

VELO

T1 T2 T3

T track

VELO track

Long track

Downstream track

0

0

-0.2

-0.4

-0.6

-0.8

-1.0

-1.2
2 4 6 8 z    (m)

B
y
 (

T
)

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

22

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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Bkp \ Scan in mN for Majorana in LHCb

• No evidence for a signal, upper limits are set by scanning across the mN window. 

• At every 5 MeV step beginning at 250 MeV and ending at 5000 MeV we define a 
±3σ search region, where σ ranges from approximately 3 MeV at low mass to 24 
MeV at high mass. 

• The fitted background is then subtracted from the event yields in each interval. 
The upper limit at 95% C.L. of Bf(B− → π+μ−μ−) at each mass value is computed 
using the CLs method.
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Limits from LHCb together with BaBar for 
Majorana neutrino

19

B+ ! h�µ+µ+ at LHCb

B+ ! h�µ+µ+ results
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B+ ! X� l+ l0+ at BABAR

BABAR results

‹ Use a Bayesian approach to set
90% CL upper limits

‹ Statistical uncertainties are
dominant

‹ Limits in the range
(1.5 � 26)⇥ 10�7

‹ Limits on the ⇢�, ⇡� and K

�

modes are an order of magnitude
improvement on previous results
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Production and decay of Majorana neutrino at 
BELLE

20
neutrino in the mass range accessible at Belle and its
corresponding coupling constant by !h and U", respec-
tively. Existing experimental results are reviewed and dis-
cussed in Ref. [7].

In this paper, we describe a direct search for heavy neu-
trino decays !h ! ‘!#", ‘ ¼ e, $ with the Belle detector.
Themeasurement is based on a data sample that contains 772
million B !B pairs, which corresponds to 711 fb$1, collected
at the "ð4SÞ resonance with the Belle detector operating at
the KEKB asymmetric-energy eþe$ collider [8]. The Belle
detector is a large-solid-angle magnetic spectrometer that
consists of a silicon vertex detector (SVD), a 50-layer central
drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electro-
magnetic calorimeter comprised of CsI(Tl) crystals (ECL)
located inside a superconducting solenoid coil that provides a
1.5 T magnetic field. An iron flux return located outside the
coil is instrumented to detect K0

L mesons and to identify
muons (KLM). The detector is described in detail elsewhere
[9]. Tracking at Belle is done using the SVD and CDC.

Backgrounds are studied usingMonteCarlo (MC) samples
of known B !B decays from b ! c processes (generic MC)
that have three times the statistics of the Belle data set. Signal
MC samples of 500,000 events each for different heavy
neutrino masses and production mechanisms are used to
evaluate the response of the detector, determine its accep-
tance and efficiency, and optimize selection criteria. Events
are generated using the EvtGen program [10]. Heavy neutri-
nos are produced and decayed using a phase space model.

At Belle, the most favorable mass range to look for a
heavy neutrino isMðKÞ<Mð!hÞ<MðBÞ [11]. This analy-
sis uses the leptonic and semileptonicB-meson decaysB !
X‘!h, where ‘ ¼ e,$ and X may be a charmmesonDð(Þ, a
light meson (#, %, &, etc.) or ‘‘nothing’’ (purely leptonic
decay), with relative rates as given in Ref. [11].

A distinctive feature of the heavy neutrino is its
long expected flight length: for Mð!hÞ ¼ 1 GeV=c2 and

jUej2 ¼ jU$j2 ¼ 10$4 the flight length is c' ’ 20 m.

Therefore, the expected overall reconstruction efficiency
is small. To improve sensitivity, a partial reconstruction
technique is used. A candidate is formed from two leptons
and a pion (‘2‘1#), where ‘1 and # have opposite charge
and form the heavy neutrino candidate with a vertex dis-
placed from the interaction point (IP). The lepton ‘1 is
referred to as the ‘‘signal lepton,’’ while the lepton ‘2, which
comes from the B decay, is referred to as the ‘‘production
lepton.’’ In this analysis, the heavy neutrino is assumed to be
aMajorana fermion andmay decay to a lepton of any charge
regardless of the original B-meson flavor. If the heavy
neutrino were a Dirac fermion, the production and decay
leptons would necessarily have opposite charge.
If the heavy neutrino is light enough to be produced via

B ! Dð(Þ‘!h, these productionmodes are expected to domi-
nate over decays to lightmesons due to the small value of the
ratio of the relevant Cabibbo-Kobayashi-Maskawa matrix
elements jVubj=jVcbj. The background is more severe for
smaller heavy neutrino masses, Mð!hÞ< 2 GeV=c2, so an

analysis using only B ! Dð(Þ‘!h modes is used in this
‘‘small mass’’ regime, while the full inclusive analysis is
used in the ‘‘large mass’’ regime.
To suppress theQEDbackground, the chargedmultiplicity

in the event is required to be larger than four. Charged tracks
positively identified as electrons or muons (as defined in the
next paragraph) with laboratory-frame momentum greater
than 0:5 GeV=c are used as leptons. All other tracks in the
event are treated as pion candidates. Additional selection
criteria for the lepton and pion tracks are described below.
A significant background remains for heavy neutrino

candidates from particles with similar event topology,
notablyK0

S ! #þ#$,# ! p#$, ( ! eþe$. These back-
grounds are suppressed by strict lepton identification re-
quirements. Electrons are identified using the energy and
shower profile in the ECL, the light yield in the ACC and
the specific ionization energy loss in the CDC (dE=dx).
This information is used to form an electron (Le) and
nonelectron (L !e) likelihood; these are combined into a
likelihood ratio Re ¼ Le=ðLe þL !eÞ [12]. Applying a
requirement on Re, electrons are selected with an effi-
ciency and a misidentification rate of approximately 90%
and 0.1%, respectively, in the kinematic region of interest.
Muons are distinguished from other charged tracks by their
range and hit profiles in the KLM. This information is
utilized in a likelihood ratio approach [13] similar to the
one used for the electron identification. Muons are selected
with an efficiency and a misidentification rate of approxi-
mately 90% and 1%, respectively, in the kinematic region
of interest. These requirements are reversed in order to
produce a lepton veto for identifying pion candidates.
We select well-vertexed heavy neutrino candidates using

dr, the distance of closest approach to the IP in the plane
perpendicular to the beam axis for each track; d), the angle
between themomentumvector and decayvertex vector of the

W +

l +
α

να Uα νh

νh

Uβ

νβ

l −
β

W +
q−

q

FIG. 1. Heavy neutrino production (top) and decay (bottom)
diagrams.
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