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Neutrino mass



Standard Model Particles



SM particle charges
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Mass terms

m ̄ = m( ̄R L +  ̄L R)

• A mass term in the SM Lagrangian:

• Eg: down quark mass:

md̄d = m(d̄RdL + d̄LdR)
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Mass terms

m ̄ = m( ̄R L +  ̄L R)

• A mass term in the SM Lagrangian:

• Eg: down quark mass:

md̄d = m(d̄RdL + d̄LdR)

T3: +1/2  + 0  = +1/2

Y/2: -1/6  -1/3 = -1/2

• Not invariant under SUL(2)xU(1) symmetry -> FORBIDDEN



SM particle charges
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 BEH and all that

• We can make an allowed term with an extra scalar field:

T3: +1/2 -1/2 +0   = 0

Y/2: -1/6 +1/2 -1/3 = 0

• After spontaneous symmetry breaking, we see a mass 
term and a Higgs coupling term:
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X X

Yukuwa couplings

down type quarks

up type quarks

charged leptons

• By construction, there are no right-chiral neutrinos in the 
SM so we cannot construct the Yukuwa term 
corresponding to neutrino mass.
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neutral leptons
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Neutrino oscillations

Evidence for neutrino oscillation and, 
hence, neutrino mass is now overwhelming
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What do the neutrino mass terms look like?

• Just introduce νR? (analogous to uR)

LYuk(⌫) = Y⌫

h
�̄L

b�⌫R + ⌫̄Rb�†�L

i

• It works, but doesn’t 
help to explain the 
small neutrino 
masses 

• Yν has to be 
unnaturally small



Right handed neutrinos are more flexible

• RH neutrinos are singlets of SU(2)L and U(1)Y.

• This term violates lepton number (an accidental symmetry) 
but does not violate the gauge symmetries of the SM

NlR ⌘
X

↵

Vl↵⌫↵Rmixing between mass 
and flavour states
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See-saw mechanisms

• The combined neutrino mass term looks like:

�Lmass =
1

2

⇣
⌫̄L bNL

⌘✓
0 M

MT B

◆✓
b⌫R
NR

◆
+ h.c.

mass matrix from 
Higgs coupling

mass matrix from lepton 
number violating terms

• Diagonalizing this matrix gives the mass eigenstates.  
If B ≫ M:

m1 ⇡ M2

B
, m2 ⇡ B.

SM neutrino heavy neutrino



Models

• Many BSM models result in a see-saw effect. E.g. 

• Additional symmetries at high energy 
SU(2)LxSU(2)RxU(1)Y 

• Expanded Higgs sector Δ = (Δ0 Δ- Δ-- ) 

• Careful parameter choice can help solve other problems: 

• νMSM (Neutrino Minimal Standard Model) 
Fixing heavy neutrino masses at the electroweak scale, 
produces a dark matter candidate and a source of 
baryon asymmetry



Neutrinos in kaon decay

• Weak decays produce neutrinos in flavour eigenstates 

• A flavour eigenstate is a superposition mass eigenstates 

• We can look for heavy mass state component

K+

µ+

νµ

ν1 ν2 ν3 νh

R0h ⌘ �(K+ ! µ+⌫h)

�(K+ ! µ+⌫µ)123

R0h = |Uµh|2

theory: 
extended 

PMNS matrix

kinematic 
factors

kaon physics 
cancels

experiment



Heavy neutrino kinematics
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decreases phase space 

• Increasing neutrino mass 
releases helicity constraints
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Heavy neutrino kinematics
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• Kinematic endpoint occurs 
when mν  = mK - mµ 

• Then neutrino is produced at 
rest in kaon frame.



Heavy neutrino searches

Neutrino decay searches 

• Look for heavy neutrino decay products 

• Strong limits but tied to model of neutrino decay 

Peak searches 

• Look for peaks in reconstructed neutrino mass 

• Weaker limits but model independent
[ ]

MY ANALYSIS

[ ]



Peak search strategy

• Collect K+→μ+νμ events 

• Reconstruct neutrino mass from 
kaon and muon momenta

m2
miss = (pK � pµ)

2

• Look for a peak at non-zero 
missing mass



Existing limits
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NA48/1/2 NA62:RK NA62 
Fixed target kaon decay-in-flight experiments

1995 2000 2005 2010 2015

NA48 
Re(εʹ/ε) in KS and KL 

Discovery of direct CPV

NA48/1 
KS and hyperon 

rare decays

NA48/2 
Direct CP violation 
in K+,K- decays

NA62:RK 
Lepton universality 
in K+,K- decays

NA62 
Ultra rare 

kaon decays

My data



RK 2007

• Accurately predicted in the SM 
and sensitive to NP. 

• 2007 data set used to measure 
RK with 0.4% precision 

• 4 months of data taking 

• Minimum bias sample of K+ 
decays: ~107 in the µ channel

RK =
�(K ! e⌫)

�(K ! µ⌫)

,ie µi

µ+e+,s
W+
+

K

u

my source of 
heavy neutrinos

branching ratio ~ 1.5x10-5 
(helicity suppressed)

branching ratio ~ 0.64

RK beyond the SM
Supersymmetry - Tree level:
K+ → e+ν can proceed via exchange of
charged Higgs H+ instead of W+

→ ratio RK remains unchanged

Possible scenario in MSSM:
(Masiero, Paradisi, Petronzio, PRD 74, 2006)
’Loop effects are predicted to lead to lepton
flavour violating (LFV) couplings lH+ντ

Noticebly enhances only the K+ → e+ν rate

RLFV
K ≈ RSM

K

[
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(
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H±

)
(

m2
τ

M2
e

)

|∆13|
2tan6 β

]

A few percent effect possible in large (not
extreme) tan β regime with relatively massive
charged Higgs
Example:
∆13 = 5×10−4,MH = 500 GeV, tan β = 40:
RLFV

K ≈ RSM
K (1 + 0.013)

,νe µν

µ+e+,s
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u
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ν~

Δ 13

B
~+K
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(Higgs)

NB: Analogous SUSY effects in pion decay are
suppressed by a factor (mπ/MK)4 ≈ 6×10−3

Test of lepton universality in K → lν decays by NA62 – p. 5
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Heavy neutrino analysis



Analysis strategy

μ+

Kaon position and 
momentum 
monitored with the 
kinematically closed 
decay K+➝π+π+π− 

Muon momentum 
measured in the 
spectrometer  
( drift chambers 1-4 )

Neutrino mass reconstructed from K+ and μ+ 
momenta:

m2
⌫ = p2⌫ = (pK � pµ)

2

K+

ν



Single track selection
• Select events with 1 ‘good’ track in the drift chambers  

(additional ‘ghost’ tracks can be ignored)

• Selected Tracks 
• positive charge 
• CDA < 3.5cm 
• track quality  > 0.7

Good tracks: 
• In time with the trigger 

 |Δt| < 62.5 ns 
• In momentum range 

 3 < p < 65 GeV/c 
• Closest distance of 

approach to K+ < 10cm 
• Estimated vertex within 

110m decay volume



Single track backgrounds in MC

Required: 

particle identification to 
distinguish π+ and µ+ 

photon vetoing to suppress π0 

kinematics to suppress halo
-0.05 0 0.05 0.1 0.15

3
10

4
10

5
10

Reconstructed missing mass (GeV / c2 )

K+➝μ+ν K+➝π+π0

K+➝π+π0π0

K+➝π+π+π-

K+➝μ+νπ0

Halo

Decays producing a 
single charged track

signal region



Heavy neutrino signals

• resolution
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Heavy neutrino signals

• acceptance
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Background studies



CMC 

• Decay distributions 

• Detector response

MC simulation

Geant3 

• detector geometry 

• particle interaction with matter 

• secondary particle decays

NA62 Data 
Format

Final MC 
Sample

Data driven 
corrections



Photon vetoing: LKr Calorimeter

• Liquified noble gas 
calorimeter used as an 
ionisation chamber

dependence inside the cell due to cross-talk effects. An
upper limit for the time resolution was obtained studying
the difference between the time calculated from the hit cell
and the time from the side cell with the highest energy
deposit. The s parameters of such distributions were
measured to be between 540 ps (for electron energy
15GeV) and 270 ps (100GeV) (Fig. 14) [32].

The granularity of the calorimeter allowed a good
position resolution to be obtained. The position resolution
could be measured for electrons by comparing the COG

of the shower over a 3! 3 grid, corrected for its non-
linearity, with the position reconstructed from the two
drift chambers (DCH) placed upstream of the calorimeter
(Fig. 15).
In summary the performance of the liquid krypton

calorimeter was (in units of GeV, cm, ns) [33–35]
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Fig. 14. Time resolution of the calorimeter.
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V. Fanti et al. / Nuclear Instruments and Methods in Physics Research A 574 (2007) 433–471 453

2011 JINST 6 C12017

Figure 2. Assembled LKr calorimeter structure and electrode details.

The calorimeter active medium consists of a bath of ⇠10 m3 of liquid krypton at 120 K with
a total thickness of 125 cm (⇠27 radiation lengths) and an octagonally shaped active cross-section
of 5.5 m2. An 8 cm radius vacuum tube goes through the centre of the calorimeter to transport
the undecayed beam. Thin copper-beryllium ribbons (of dimensions 40 µm⇥18 mm⇥127 cm)
stretched between the front and the back of the calorimeter form a tower-structure readout. The
13248 readout cells each have a cross-section of about 2⇥2 cm2 and consist (along the horizontal
direction) of a central anode (kept at high voltage) in the middle of two cathodes (kept at the
ground). The assembled LKr calorimeter structure and details of the ribbons and spacer plate
layout are shown in figure 2.

2.2 Readout electronics

The front-end part of the calorimeter readout was built for the NA48 experiment and comprises two
circuits. The initial current is derived from the charge measured by a preamplifier mounted inside
the cryostat at liquid Kr temperature and connected to the anode electrode by a blocking capacitor.

The integration time constant of the charge preamplifier is 150 ns. The signal from the pream-
plifier is transmitted to a combined receiver and differential line driver mounted outside the calori-
meter close to the signal feed-through connectors. The receiver amplifies the preamplifier signal
and performs a pole-zero cancellation. The signal after pole-zero cancellation has a rise-time of
about 20 ns and a fall-time of 2.7 µs. The maximum signal level, 50 GeV, corresponds to±1 V into
100 W at the digitizer electronics input. The required signal to noise ratio is 15000 to 1.

– 3 –

5.3m2  
x  

127cm3



Photon veto

• Veto events with clusters 
(above a noise threshold) that 
are not associated with the 
muon track
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Drift chamber spectrometer

• Resolution was important in RK measurement for µ-e separation

DCH1 DCH2 DCH3 DCH4

Magnet

Kevlar 
window

aluminium 
window

px kick of 256 MeV
8 planes of sense wires: 

X,Y,U,V 
(in staggered pairs)

He

NA62 Collaboration / Physics Letters B 719 (2013) 326–336 331

Fig. 2. (a) Reconstructed squared missing mass in the electron mass hypothesis M2
miss(e) as a function of lepton momentum for Ke2 and Kµ2 decays (data). The wrong mass

assignment for the Kµ2 decays leads to the momentum-dependence of M2
miss(e). (b) E/p spectra of electrons and muons (data) measured from K ± → π0e±ν and Kµ2

decays. The part of the muon spectrum above E/p = 0.95 is for the muons traversing the Pb bar. The electron identification criterion applied for p > 25 GeV/c is indicated
with arrows.

(ℓ = e,µ) are the kaon and lepton 4-momenta, with mℓ used
to assign the components of Pℓ . P K is taken from the average
beam momenta, which are monitored with fully reconstructed
K ± → π±π+π− decays. Fig. 2(a) shows the squared missing mass
M2

miss(e) evaluated in the electron hypothesis for Ke2 and Kµ2
events as a function of lepton momentum. A selection condition
−M2

1 < M2
miss(ℓ) < M2

2 is applied. The limits M2
1 and M2

2 vary
across lepton momentum bins, taking into account the resolu-
tion on M2

miss(ℓ), radiative tails and background conditions. M2
1

varies from 0.013 (GeV/c2)2 in the central region of the lepton
momentum range to 0.016 (GeV/c2)2 at low and high momenta.
Similarly, M2

2 varies from 0.010 to 0.013 (GeV/c2)2 for K ±(noPb)

samples and from 0.010 to 0.011 (GeV/c2)2 for K ±(Pb) samples.
The latter limits are stricter to compensate for the weaker photon
veto.

Lepton identification is based on the ratio E/p of energy depo-
sition in the LKr to momentum measured by the spectrometer, as
illustrated in Fig. 2(b). Charged particles are identified as electrons
if (E/p)min < E/p < 1.1, where (E/p)min = 0.95 for p > 25 GeV/c
and (E/p)min = 0.9 otherwise. The relaxed condition at low lepton
momentum is possible because backgrounds in the Ke2 sample due
to µ± and π± misidentification are rejected kinematically in that
momentum range (as seen for the Kµ2 background in Fig. 2(a)).
For (E/p)min = 0.95, this criterion leads to an electron identifica-
tion efficiency fe > 99% and a probability of misidentifying a muon
as an electron of ∼ 4 × 10−6. Charged particles with E/p < 0.85
are classified as muons; the corresponding muon identification in-
efficiency is negligible (1 − fµ ≈ 3 × 10−5).

3.3. Backgrounds

3.3.1. Muon halo background in the Kℓ2 samples
The rate and kinematical distribution of the muon-halo-induced

backgrounds are qualitatively reproduced by a dedicated simula-
tion. However, the precision of this simulation is limited by the
uncertainties on the fringe fields of the beam line magnets. There-
fore, these backgrounds have been measured directly by recon-
structing the K +

ℓ2 (K −
ℓ2) decay candidates from control samples

of positive (negative) tracks collected with the positive (nega-
tive) beam blocked, as described in Section 2. The control sam-
ples used for background subtraction in the four independent Kℓ2
signal samples are mutually exclusive, leading to independent sta-
tistical uncertainties. These samples are normalised to have the

same numbers of muon events with −0.3 (GeV/c2)2 < M2
miss(µ) <

−0.1 (GeV/c2)2 as the data (such events are not compatible with
a kaon decay and can only arise from a halo muon).

As a cross-check, the backgrounds in the Ke2 samples have also
been evaluated with a hybrid MC technique, using the measured
spatial, angular and momentum distributions of the halo muons
and simulating their decays (µ± → e±νeνµ) assuming unpolarised
muons, as the polarisation is unknown. The results agree with
those obtained from the direct measurements.

The non-zero probability of reconstructing a Ke2 candidate due
to the decay of an opposite sign kaon enhances the halo back-
ground estimates for the Ke2 samples. The effect is more pro-
nounced for the K − samples because the ratio of the K + to K −

beam fluxes is ∼ 2. A K ± decay must result in at least three
charged daughter particles to produce an opposite sign parti-
cle. Contributions from K ± → π0

Dℓ±ν , K ± → π±π0
D and K ± →

ℓ±νe+e− [12] decays (where ℓ = e,µ, and π0
D → e+e−γ denotes

the Dalitz decay) have been identified and subtracted using MC
simulations. The corresponding correction to the final result is neg-
ligible: %R K /R K ∼ 10−4.

In addition to being charge asymmetric (as explained in Sec-
tion 1.1 and shown in Fig. 1(a), (b)), the muon halo background
is left–right asymmetric (as illustrated in Fig. 1(c) for the K −

e2
sample), and therefore depends on the polarity of the spectrom-
eter magnetic field. To reduce the combined statistical uncertainty
of the halo background estimates, almost equal samples of signal
and control data were taken with each spectrometer polarity. The
residual polarity imbalance was corrected by assigning weights to
the control samples.

As control data have been collected mostly without the Pb bar,
parts of these K ±(noPb) samples are used to estimate background
in the K ±(Pb) signal samples by reducing the geometrical accep-
tance as described in Section 3.2. This minimises the overall sta-
tistical uncertainty. The background to signal ratio in the region
covered by the Pb bar is lower than in the region outside the Pb
bar due its geometrical localisation. Therefore the backgrounds in
the K ±(Pb) samples are higher than those in the K ±(noPb) sam-
ples.

The Kℓ2 selection procedure and geometrical acceptance are
time-dependent due to the variations of the beam geometry and
the presence of temporarily masked groups of LKr cells. This im-
plies a possible difference in geometrical acceptance between con-
trol samples (recorded with blocked beam) and signal samples

�p/p = 0.48%� 0.009%p [GeV/c]

multiple Coulomb 
scattering

spatial resolution



Spectrometer resolution
• Signal region lies in the far tail of the Kµ2 missing mass spectrum, 

so far tails of momentum resolution matter
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• Far tails of multiple Coulomb scattering are not well simulated in 
Geant3
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• K2π is closed: all particles can be detected
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• Kinematic fit results in χ2 with 1 degree of 
freedom 
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Kinematic distributions: data and MC

• Use spectrometer to reconstruct π0 mass and pT spectrum

hdm2
Entries  81882
Mean  05− 3.969e
Std Dev    0.004558

miss
2 m∆ 

0.1− 0.08− 0.06− 0.04− 0.02− 0 0.02 0.04 0.06 0.08 0.1

#e
ve

nt
s

1

10

210

310

410

hdm2
Entries  81882
Mean  05− 3.969e
Std Dev    0.004558

hdm2
Entries  81882
Mean  05− 3.969e
Std Dev    0.004558

miss
2 m∆ 

hpt_
Entries  81882
Mean   0.1912
Std Dev    0.0194

 ( GeV/c )
T

p
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

#e
ve

nt
s

1

10

210

310

410

hpt_
Entries  81882
Mean   0.1912
Std Dev    0.0194

hpt_
Entries  81882
Mean   0.1912
Std Dev    0.0194

T
Pi+ p

• Discrepancies are corrected by artificially introducing additional scattering in MC



Particle Identification: Muon veto

• Originally used to reduce trigger rates from K+→µ+π0ν

vetoing Km3 decays (27% of KL decays). In addition, the
counters provided identification of single and multiple
muons in rare decay investigations, calibration and
detector studies.

The complete muon veto counter array was composed of
slightly overlapping long flat strips of NE110 plastic
scintillator arranged in three planes, each plane being
preceded by a 0.8m thick iron wall to provide absorption
of hadrons. Planes 1, 2 and 3, together with their respective
absorbers, were placed successively along the beam axis
proceeding downstream from the HAC. The array
occupied a longitudinal space of 4.3m including an
additional 0.4m wall behind plane 3 to absorb backward-
going products of interactions at the rear of the beamline.

Planes 1 and 2 were used in the veto and trigger logic and
each were about 2.7m square. The constituent strips for
these planes were oriented horizontally and vertically,
respectively (Fig. 25). They were each 2.7m long, 0.25m

wide and 1 cm thick, connected via a semiadiabatic light
guide to EMI 9813KB photomultiplier tubes at each end,
except for the central strip which was divided to allow the
beam pipe to pass through the plane via a hole
approximately 22 cm square. Plane 3 was used purely for
monitoring and operational studies. It covered 2:7!
2:65m2 and was composed of six strips, each 2.7m long,
0.45m wide and 0.6 cm thick, with a semi-adiabatic light
guide and Philips 56AVP photomultiplier tube at each end.
The central strips were notched to allow for the beam pipe.
Signals from the PMTs were split into two branches. One

branch passed to the veto/trigger logic after being further
split to provide inputs to the monitor. Trigger signals were
discriminated at the level of "40mV and proceeded
through standard CAMAC programmable delays and
logic units to form coincidences defining muon hits in the
120, 25 cm! 25 cm boxes formed by overlapping horizon-
tal and vertical strips in planes 1 and 2, respectively.
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0.45m wide and 0.6 cm thick, with a semi-adiabatic light
guide and Philips 56AVP photomultiplier tube at each end.
The central strips were notched to allow for the beam pipe.
Signals from the PMTs were split into two branches. One

branch passed to the veto/trigger logic after being further
split to provide inputs to the monitor. Trigger signals were
discriminated at the level of "40mV and proceeded
through standard CAMAC programmable delays and
logic units to form coincidences defining muon hits in the
120, 25 cm! 25 cm boxes formed by overlapping horizon-
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Muon detection condition

• Require a hit in both planes 1 and 2 (ignore MUV3) 

• Match hit position to extrapolated track position 
(with momentum dependent tolerance)

12 27. Passage of particles through matter

This value of θ0 is from a fit to Molière distribution [35] for singly charged particles with
β = 1 for all Z, and is accurate to 11% or better for 10−3 < x/X0 < 100.

Eq. (27.10) describes scattering from a single material, while the usual problem involves
the multiple scattering of a particle traversing many different layers and mixtures. Since it
is from a fit to a Molière distribution, it is incorrect to add the individual θ0 contributions
in quadrature; the result is systematically too small. It is much more accurate to apply
Eq. (27.10) once, after finding x and X0 for the combined scatterer.

Lynch and Dahl have extended this phenomenological approach, fitting Gaussian
distributions to a variable fraction of the Molière distribution for arbitrary scatterers [37],
and achieve accuracies of 2% or better.

x

splane
yplane

Ψplane

θplane

x /2

Figure 27.8: Quantities used to describe multiple Coulomb scattering. The particle
is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given
approximately by [35]
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where θ is the deflection angle. In this approximation, θ2space ≈ (θ2plane,x + θ2plane,y), where
the x and y axes are orthogonal to the direction of motion, and dΩ ≈ dθplane,x dθplane,y.
Deflections into θplane,x and θplane,y are independent and identically distributed.
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Simulation
• In my MC samples, official 

simulation stops at LKr. 
• Simulate muon scattering by 

hand then re-weight to match 
efficiency distributions in data.
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Muon detection efficiency
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Efficiency measurements

• Iterate between 
measurements 
as a function of 
momentum 
and xy position 
in MUV plane

Momentum (GeV)
0 10 20 30 40 50 600.95

0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

X (cm)
150− 100− 50− 0 50 100 150

Y 
(c

m
)

150−

100−

50−

0

50

100

150

0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

Momentum (GeV)
0 10 20 30 40 50 600.94

0.945

0.95

0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

X (cm)
150− 100− 50− 0 50 100 150

Y 
(c

m
)

150−

100−

50−

0

50

100

150

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

Momentum (GeV)
0 10 20 30 40 50 600.965

0.97

0.975

0.98

0.985

0.99

0.995

1

1.005

1.01

1.015



Particle identification

• Suppress decays to pions 
by rejecting events with no 
muon signal 

• Events with π+➝μ+ decays 
remain
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Beam halo

• A flux of muons, coming from beam kaon and pion 
decays upstream of the decay volume.
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Figure 1: Schematic side view of the NA48/2 beam line (TAX17,18: motorized beam
dump/collimators used to select the momentum of the K

+ and K

° beams, FDFD/DFDF:
focusing quadrupoles, KABES1–3: kaon beam spectrometer stations), decay volume and
detector (DCH1–4: drift chambers, HOD: hodoscope, LKr: EM calorimeter, HAC: hadron
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figure.

The setup is described in a right-handed orthogonal coordinate system with the z87

axis directed downstream along the beam, and the y axis directed vertically up. Thus88

the horizontal x coordinate is such that the negative (positive) x point to the Salève89

(Jura) mountains. The Salève/Jura notation is used in the following analysis to denote90

the spectrometer magnet polarity.91

The beams are produced by 400 GeV/c protons (delivered from the CERN SPS with92

a duty cycle of 4.8 s/16.8 s) impinging on a beryllium target of 40 cm length and 2 mm93

diameter. Both beams leave the target on axis at zero production angle, thereby ensuring94

that their source is geometrically similar and that the K

+
/K

° flux ratio remains stable.95

It was demonstrated that the small residual diÆerence of K

+ and K

° momentum spectra96

produces a negligible eÆect on the measurement. Charged particles with momenta (60±3)97

GeV/c are selected in a charge-symmetric way by an achromatic system of four dipole98

magnets with zero total deflection (‘achromat’), which splits the two beams in the vertical99

plane and then recombines them on a common axis. Then the beams pass through a100

defining collimator and a series of four quadrupoles designed to produce horizontal and101

vertical charge-symmetric focusing of the beams towards the detector. Finally the two102

beams are again split in the vertical plane and recombined by a second achromat, where103

three stations of a Micromegas-type [19] detector operating in TPC mode form a kaon104

beam spectrometer KABES [20] (not used in the present analyses).105

After passing through the cleaning and final collimators, the beams enter the decay106

volume housed in a 114 m long cylindrical vacuum tank with a diameter of 1.92 m for107

the first 65 m, and 2.4 m for the rest. Both beams follow the same path in the decay108

volume: their axes coincide to 1 mm, while their lateral sizes are about 1 cm. With109

7 £ 1011 protons per burst incident on the target, the positive (negative) beam flux at110

the entrance of the decay volume is 3.8 £ 107 (2.5 £ 107) particles per pulse (primarily111

5



HALO simulation program

• Dedicated program for simulating beam halo muons: 
transfer matrix approach

• Muons which pass 
through DCH1 are 
highlighted in red

MBPL 
sweeping 
magnet
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front end 
achromat

simulations run on 
 Birmingham 

 Blue Bear Cluster

• One muon halo event 
reconstructed for every 5 
million kaons simulated



Qualitative agreement

• Qualitative features of the data are reproduced
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Data HALO MC

• Ultimately, MC simulation is not good enough for quantitative studies 

• Use a data driven approach instead



Data driven halo estimate

• NA62 ran with various combinations of K+ and K- beams

K+ and K-

K+ only

K- only

K ‘less’

my data 
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absorber

absorber

absorber



Data driven halo estimate

• Apply my K+ selection to data-sets without any K+ in them:

• Any positive tracks must come from K+ decays before the absorber, 
i.e. the beam halo ( or K- →π+π-π-, a small correction from MC)
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• Measured shape is scaled to my 
data set using the region m2
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Data driven results

• Test halo estimate studying regions where halo dominates

• 11 GeV/c < p < 40 < GeV/c 

• 2000 cm < zvertex < 7200cm 

• 2.5 cm < CDA <  6.5 cm 
( enrich halo vs kaon decays ) 

• θ < 0.013 ( heavy neutrinos 
are at low θ so very high θ is 
irrelevant )
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Data driven results

• Test halo estimate studying regions where halo dominates
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in this kinematic region, Kµ2 
peak is not well described

• 11 GeV/c < p < 40 < GeV/c 

• 2000 cm < zvertex < 7200cm 

• 2.5 cm < CDA <  6.5 cm 
( enrich halo vs kaon decays ) 

• θ < 0.013 ( heavy neutrinos 
are at low θ so very high θ is 
irrelevant )



Kinematic cuts

• Optimise to reject halo but preserve signal (plots show mν = 300 MeV/c2) 

• Cut simultaneously in:
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Single track backgrounds in MC

Required: 

particle identification to 
distinguish π+ and µ+ 

photon vetoing to suppress π0 

kinematics to suppress halo
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Optimised selection

• Kμ3 is the main background

0 0.05 0.1 0.15

210

310

410

510

610

Reconstructed missing mass (GeV / c2 ) Reconstructed missing mass (GeV / c2 )

Lo
ga

rit
hm

ic
 s

ca
le

Li
ne

ar
 s

ca
le

K➝μν
K➝π+π0

K➝π+π+π-

K➝μνπ0

Halo

350 MeV neutrino 
(branching ratio = 10-4)

0 0.05 0.1 0.150

50

100

150

200



4/c2 GeV
miss

2m
0 0.05 0.1 0.15

2
10

3
10

4
10

5
10

6
10

Expected sensitivity
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The future

• Current analysis limited by statistics and Kµ3 background 

• The beam halo is also a tricky background 

• The new NA62 detector benefits from a hermetic photon 
veto and event by event kaon momentum 
measurement  

• A Kµ2 sample with 10x my statistics could easily be 
collected. 

• NA62 is well placed for a future search for heavy neutrinos



Conclusions

• The current search for heavy neutrinos at NA62 will 
extend the range neutrino masses excluded by peak 
searches in kaon decays. 

• A future analysis could significantly improve on the 
current limits.
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Field notation

• From Pal and Mohapatra:
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Chirality

• The anti-particle of a left-chiral neutrino is a right-chiral neutrino

c L = b R



Majorana neutrinos

�Lmass = m1n1Ln1R +m2n2Ln2R + h.c.

�Lmass = M⌫LNR +B bNLNR + h.c.

�Lmass = M⌫L⌫R +Bb⌫L⌫R + h.c.

n1 = n1L + n1R = cos ✓(⌫L � b⌫R)� sin ✓( bNL �NR)

n2 = n12 + n2R = sin ✓(⌫L + b⌫R) + cos ✓( bNL +NR).

tan 2✓ = 2M/B

n1 = �cn1 n2 = �cn2



KEK

• 2.54x106 muons in final spectrum

VOLUME 49, NUMBER &8 PHYSICAL REVIEW LETTERS I NOVEMBER 1982

The signature of a heavy-neutrino emission would
be a discrete peak at

p, =~Wc[1+x'+y' —2(x+y +xy)j'",
where M is the parent mass, x =~&'/lI', andy
=m, '/M'. The intensity of this extra, peak M'- l'v;, relative to that for the conventional decay
M'-l'v), is related to the neutrino mixing ratio
IU„I' as

where p is a kinematical factor including phase
space

[x+y —(x -y)'][1+x'+y' —2(x+y +xy)]'"
x(l -x)'

which enhances heavy-neutrino emission with re-
spect to helicity-suppressed massless neutrinos.
As summarized in Ref. 4, presently available

data can exclude only a small region in a neutrino
mixing versus mass plane; a dedicated experi-
ment which looks for heavy-neutrino emission
with high sensitivity and with a large mass win-
dow (since we do not know what values to expect)
is theref ore worthwhile.

Because of the larger mass window available,
we decided to use the & decay. In Ref. 6, we al-
ready reported on a survey experiment measuring
a range spectrum in &» decay. Here, we report
on the result of our new dedicated experiment us-
ing a high-resolution magnetic spectrograph with
a wider momentum range (100—250 MeV/c) and
much better momentum resolution [full width at
half maximum (FWHM) -1"/o]. Furthermore, we
employed a very effective photon veto system us-
ing Nai(TI) counters to suppress the continuum
background. Thus, we increased the sensitivity
and the mass range. The motivation and design
aim of this experiment are also described in Ref.
7, where an argument is made that the expected
v„mass may fall in the mass range just covered
by the present experiment (70-300 MeV/c').
Figure 1 shows a schematic diagram of the

spectrograph. The experiment was performed at
the K3 beam channel of the 12-Geg proton syn-
chrotron at the National Laboratory for High Ener-
gy Physics (KEK). A dc-separated 550 MeV/c
+ beam was degraded in a 7-cm-copper degrad-
er, and was stopped in ten layers of plastic scin-
tillators (seven 8&&20&&0.8 cm', two 8&&20&0.2

K BEAM 550 MeV/c

C TYPE
MAGNET YOKE

MAGNET POLE
80c~ x 150cm
GAP 21
)0 kG

ANTI SCATTERING
COUNTERS

AT POLE FACE

Nal (T) )
COUNTERS

~MWPC5

~M IIIIPC 4

50cm

--—TOF COUNTERS

RANGE
COUNTERS

ACRYL
-DEGRADER

FIG. 1. PIan view of the neutrino mass spectrograph.
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cm', and one 8&& 20 &&0.1 cm') tilted 30' to the
beam. The K/& ratio was typically 25%, and the
number of stopped &' was about 5000 per beam
spill
Because minimum-ionizing muons lose about
1.7 MeV in each 6-mm stopping counter, misiden-
tification of the & stopping layer would lead to
poor momentum resolution and a spurious shoul-
der in the spectrum. Therefore, the & stopping
layer in the stopping counters was carefully de-
termined by using both pulse height and timing in-
formation, and ambiguous events (about 15%)
were rejected.
Charged particles from K decays were momen-

tum analyzed by a magnetic spectrograph, consis-
ting of two entrance multiwire chambers (PC1 and
PC2), a 10-kG C-type rectangular-pole magnet
with the dimensions shown in the figure, and two
exit chambers (PC3 and PC4). The time differ-
ence between &' arrival and the TO counter lo-
cated at the spectrograph entrance was measured
to select delayed events (2-25 nsec), since
prompt events (mostly due to & decay in flight)
produced a broad shoulder around the 236-MeV/c
peak. Time-of-flight (TOF) measurements be-
tween the T0 counter and the TOF stop counters
and, in addition, range inf ormation from 46
range counters were used to identify muons.
Among the major E' decay modes, & —p, '&'v
(3.2'%%uo) and K' —p 'vy (0.6/o) decays produce a
continuous background to the muon momentum
spectrum, below the 236-MeV/c main peak
(63.5%%uo). To achieve high sensitivity to small dis-
crete peaks, these decay modes must be vetoed.
We surrounded the & stopping region with 112
modular NaI(T1) counters (6.5 cm'&& 30 cm) with
discriminator thresholds set around 1 MeV to
veto &' and y from these decay modes.
The veto efficiency of the p &'v mode was quite

high because of 2y emission, better than 99%,
while the p'vy mode was difficult to eliminate.
Even with 92% solid-angle coverage by the Nal
counters, about 30/o of the p'vy photons escaped
undetected for P„~220 MeV/c, becoming much
worse toward the 236-MeV/& peak, since low-en-
ergy photons are pref erentially emitted along the
muon momentum direction. '
Much effort has been made to achieve good mo-

mentum resolution: large bending angle, first-
order horizontal focusing, high-resolution two-
dimensional readout of the multiwire proportional
chambers, and a helium gas bag between the mag-
net poles to minimize multiple scattering. Mo-
mentum reconstruction was performed by nu--
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FIG. 2. The momentum spectrum of charged particles
analyzed by the spectrograph is given by open squares.
Closed squares represent the final muon momentum
spectrum with photon veto and particle identification.
The momentum dependences of the acceptance (relative)
and resolution (F97HM) are also shown.

merically integrating the equation of motion, '
and a y' test was applied to eliminate spurious
tracks (about 50%). The reconstructed momentum
was then corrected for energy loss in the &' stop-
ping counters by using the pulse- height inf orma-
tlon.
The final spectra are shown in Fig. 2. Open

squares represent the overall charged-particle
spectrum without photon veto; major &' decay
modes such as p v, Tt &', e &'v, p'&'v, and

can be readily identified by distinct peaks
and shoulders as indicated in the figure.
Closed squares represent the final muon mo-

mentum spectrum with photon veto and particle
identification. The accidental loss through the
photon veto amounted to 40/o. The muon identifi-
cation applied did not lose muon events but served
to remove a slight &'&' peak at 205 MeV/&. The
total number of muons in the spectrum is 2.54
x 10'.
The momentum resolution at 236 MeV/& is 2.1

MeV/c FWHM (0.9%%uo) with a perfectly Gaussian
line shape, and decreases gradually toward lower
momenta, as shown, because of multiple scatter-
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E949

• 1.70x1012 stopped kaons

The experimental setup is illustrated in Fig. 2. Incoming
710 MeV=c kaons with a Kþ=πþ ratio of 3=1 were
identified by a Čerenkov counter. Two beam wire chambers
(BWPCs) allowed monitoring of the beam profile and
identification of multiple incoming particles. Downstream
of the BWPCs, cylindrical degraders slowed the kaons so
that they came to rest in the center of the target. The
inactive degrader was made of 11.1 cm long BeO and
4.76 mm Lucite. The active degrader (AD) consisted of 40
layers of 2 mm thick scintillator disks (139 mm diameter)
alternating with 2.2 mm thick copper disks (136 mm
diameter). The AD was split into 12 azimuthal segments.
The scintillation light in each segment was sent to a single
photomultiplier tube (PMT) through wavelength-shifting
fibers and read out by analog-to-digital converters (ADCs),
time-to-digital converters (TDCs) and charge-coupled devi-
ces (CCDs). Using this information the AD allowed for the
identification of the beam particles and detection of activity
coincident with kaon decays. After passing through the
degrader, a beam hodoscope (B4) detected the incoming
particle and identified it as a kaon by measuring the energy
deposit.
The target consisted of 413 plastic scintillating fibers

3.1 m long with a 5 mm square cross section to form a
12 cm diameter cylinder. A number of smaller fibers
(“edge” fibers) filled in the gaps near the outer edge of

the target. Each 5 mm fiber was connected to a PMT,
whereas the edge fibers were grouped into 12 and each
group of the edge fibers was connected to a single PMT.
The PMTs were read out by ADCs, TDCs and CCD
digitizers. The fiducial region of the target was defined by
two layers of six plastic scintillation counters that sur-
rounded the target. The inner counters (IC) tagged decay
products for a trigger before they entered the drift chamber.
The outer counters overlapped the downstream edge of the
IC by 6 mm and served to detect particles that decayed
downstream of the fiducial region.
The drift chamber [“ultra-thin chamber” (UTC)] was

located outside of the IC. The whole E949 spectrometer
was in a 1 Tesla magnetic field. Positively charged particles
were bent clockwise as viewed from downstream. The
primary functions of the UTC were the momentum meas-
urement of charged particles and providing a match between
the tracks in the target and the range stack explained in the
next paragraph. The UTC had a length of 51 cm and inner
and outer radii of 7.85 cm and 43.31 cm, respectively.
The range stack (RS) was outside of the UTC at an inner

radius of 45.08 cm and an outer radius of 84.67 cm. It
consisted of 19 layers of plastic scintillators azimuthally
segmented into 24 sectors. The scintillators of layers 2–18
had a thickness of 1.905 cm and a length of 182 cm. The
scintillators of layer 19 had a thickness of 1 cm and were
mainly used to veto charged particles with long range by
requiring that they did not reach this layer. The innermost
counters, called T-counters, served to define the fiducial
volume for kaon decay products. The scintillation light was
transmitted by light guides to PMTs. Each PMT was read
out by an ADC, a TDC and a transient digitizer (TD). The
primary functions of the RS were energy and range
measurements of charged particles and their identification.
The detection of any activity coincident with the charged

track is very important for suppressing the backgrounds for
Kþ → μþνH decay. Photons from Kπ2 and other radiative
decays were detected by hermetic photon detectors with 4π
solid angle coverage. Vetoing photons was accomplished
using the barrel veto (BV), the barrel veto liner (BVL), the
upstream and downstream end caps (ECs), the upstream
and downstream collar detectors, the downstream micro-
collar detector, as well as the target, RS and AD. The BV
and BVL with thicknesses of 14.3 and 2.29 radiation
lengths at normal incidence, respectively, provided photon
detection over 2=3 of the 4π solid angle. The photon
detection over the remaining 1=3 of the 4π solid angle was
provided by the other calorimeters in the region from 10° to
45° of the beam axis with a total thickness from 7 to 15 r.l.
The coordinate system of the detector is defined such

that the origin is at the center of the target; the z axis is
along the beam direction, and the x and y axes are set in the
horizontal and vertical directions, respectively.
A more detailed description of the E949 experiment can

be found in Ref. [36].

FIG. 2. Schematic side (a) and end (b) views of the upper half of
the E949 detector. An incoming kaon is shown traversing the
beam instrumentation, stopping in the target, and decaying to
πþπ0. The outgoing charged pion and one photon from π0 → γγ
decay are illustrated. Elements of the detector are described in
Sec. II A.
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with the world average value from PDG [41],
BRðKþ → μþνμÞ ¼ 0.6355% 0.0011. The decay
Kþ→μþνH will be studied with pμ<200MeV=c
and in this region the refined range and online pion
acceptance were measured well (see Fig. 5).

3. Summary

The summary of our acceptance study is presented in
Table II.
The errors in this table for individual cuts are statistical,

and the systematic error for the total acceptance is from the
error on the Kþ → μþνμγ branching ratio measurement.

D. Residual background
The search forKþ → μþνH seeks evidence for additional

peaks below the Kμ2 peak. So, all background sources that
could mimic the signal must be understood. We simulated
the main background sources:Kþ → μþνμγ,Kþ → π0μþνμ
and Kþ → πþπ0γ decays. After the trigger requirements
and offline selection criteria, the Kþ → π0μþνμ contribu-
tion in the total number of background events is less than
1% of the Kþ → μþνμγ contribution due to the presence of
two photons in the final state. The Kþ → πþπ0γ decay can
be ignored due to three photons in the final state and the
large range-momentum pion rejection (which removes
the pion band in Fig. 3). Therefore, the Kþ → μþνμγ
is the dominant background source in the search for
Kþ → μþνH decays.
Given the agreement between the PDG values and our

Kþ → μþνμ and Kþ → μþνμγ branching ratio measure-
ments, the experimental muon momentum spectra (see
dashed double-dotted line in Fig. 4) and the simulated
Kμ2 þ Kμνγ muon momentum spectra can be compared.
The momentum spectra for the simulated Kμ2 þ Kμνγ

events and experimental events based on the 1=20

data sample are shown in Fig. 6, where Kμ2 and Kμνγ
were normalized according to their branching ratios.
The red band shows the %1σ spread with the known
acceptance uncertainties. The Kμνγ central histogram uses
APV ¼ 1.27 × 10−2.
The momentum spectrum for data and MC do not agree.

Between 200 MeV=c and 220 MeV=c, the radiative
gamma energy is low. The difference is caused by the
difficulty in simulating detector activity or electronic noise
of the low photon veto cut threshold. Beyond 220 MeV=c,
it is caused by the uncertainty of the layer 19 and refined
range cuts. Below 200 MeV=c, the trends of simulated and
experimental spectra are consistent.
Since the simulated shape does not show obvious bumps

or valleys, we assume that the experimental background
shape is also smooth.

E. Resolution

The observed momentum distribution of two-body
Kþ → μþνH decays would be smeared by scattering and
resolution effects. To obtain the expected shape, we
compare Monte Carlo simulations with well-known
decays, Kμ2 and Kπ2, which were derived from monitor
triggers. The results are shown in Figs. 7 and 8.
Both Kμ2 and Kπ2 simulated spectra are in a good

agreement with the experimental spectra. The widths agree
to within 2% and the mean values agree to within 0.3%, the
tails are simulated to the 10−3 level. We concluded that we
may rely on Monte Carlo simulation to reproduce the
detector momentum resolution.

TABLE II. Summary for the acceptance measurement of
the Kþ → μþνH decay with heavy neutrino mass
mνH ¼ 250 MeV=c2.

Kþ → μþνH , mνH ¼ 250 MeV=c2

NK 1.70 × 1012

ϵT•2 0.9505% 0.0012
fs 0.7558% 0.0075
AFid&Range 0.4383% 0.0011
Aπ→μ 0.0412% 0.0053
ARefinedRange 0.7252% 0.0159
AUTCQUAL 0.9503% 0.0007
AKinematic 0.9662% 0.0006
APRRF 0.9520% 0.0007
ABeam&Target 0.5102% 0.0003
ADELC 0.7672% 0.0002
ARNGMOM 0.9739% 0.0012
APV 0.2551% 0.0012
Atotal ð8.00% 1.05ðstatÞ % 2.46ðsystÞÞ × 10−4

S:E:S: ¼ 7.35 × 10−10
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FIG. 6 (color online). Momentum spectra for simulated Kμ2 þ
Kμνγ events and experimental events based on the 1=20 data
sample. The shaded band shows the %1σ spread with known
acceptance uncertainties. The black dots are the 1=20 data. Colors
are available online.
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LKr: Projective geometry

• Projective tower structure converges 110m upstream 

• Allows calibration using π0 decay,  
independent of longitudinal fluctuations
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Neutral trigger

• Scintillating fibres installed inside LKr calorimeter

signal was sent to the PMB readout system (see Section 5.6),
the rest to updating discriminators with no deadtime.

A time resolution better than 200 ps per counter was
measured from the data. Fig. 21 shows the distribution of
the time difference between the hodoscope and the tagger
(see Section 6); Fig. 22 shows the distribution of the time
difference between two vertical slabs of the hodoscope.

5.5. The neutral hodoscope

The experiment has demanding time resolution require-
ments in order to assign the charged and neutral pion decays

to the correct KS or KL parent particle. The time of flight
was measured between the tagger (see Section 6) and the
main detector: the charged hodoscope, for charged events, or
the Liquid Krypton calorimeter, for neutral events. Errors in
time measurement, especially non-Gaussian tails in the time-
of-flight distributions, could affect the precision of the
experiment. In order to improve the time resolution for
neutral events, a completely independent time measurement
was performed using the neutral hodoscope.
The neutral hodoscope was a plane of scintillating fibres

vertically installed in the Liquid Krypton Calorimeter at a
depth of about 9:5X 0, where the electromagnetic shower
has its maximum. Scintillating fibres (Bicron, 1mm in
diameter) were preferred over massive scintillator rods
because, for the given geometry, they offered better timing
properties and more flexible light transport to the photo-
multipliers. The hodoscope was positioned at the second
spacer-plate of the calorimeter. The bundles (5.5mm in
diameter, !20 fibres per bundle) were inserted into epoxy-
fibreglass tubes, with inner and outer diameter of 7 and
8mm, respectively, that were fixed to the spacer-plate
between planes of ribbons (Fig. 23). Fibre bundles were
then grouped together, polished at one end and sent to
photomultipliers located on the calorimeter front plate,
inside the Liquid Krypton, but outside the active volume of
the calorimeter. The optical contact between fibres and
photomultiplier was made by mechanical pressure, pro-
duced by stainless-steel springs.
The neutral hodoscope was divided into four quadrants,

each quadrant having eight readout channels for a total of
32 channels. The four channels closest to the beam pipe of
each quadrant covered a vertical region 10 cm wide, the
remaining four were 22 cm wide. Each channel collected
signals from bundles of scintillating fibres.
The readout was based on the same PMB system (see

Section 5.6), as used for the charged hodoscope, which
records time and amplitude of the signals. The signals were
also sent to the pretrigger system that provided a time
measurement for neutral events, independent of that
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Trigger

• Q1: hit in the charged hodoscope (downscaling = 600) 

• Q1X1TRKLM : additional maximum DCH multiplicity cut ( DS = 150)
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Kinematics optimisation to remove halo
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Geant3 vs Geant4Simulation of Multiple Coulomb scattering in GEANT4 24✬
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as the previous plot, but GEANT4 ⇐⇒ GEANT3 with tails
Scattering of 158.6 MeV p in 0.0290 g/cm2 Pb
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