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OUTLINE
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Search for heavy neutrinos: K+→µ+νH,                   
Phys. Rev. D 91, 052001 (2015) 

Search for rare decay K+→µ+ννν,                             
Phys. Rev. D 94, 032012 (2016)



INTRODUCTION
1. Motivation 
2. Experiment BNL — Е949 

• The E949 detector  
• Data samples



BEYOND THE STANDARD 
MODEL

Neutrino 
oscillation

Baryon asymmetry of 
the Universe

Dark matter and dark energy
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MSM: SM + 3 right-handed neutrinos 
m1 ~ 10 keV 
m2,3~ 100 MeV - 100 GeV 

T. Asaka and M. Shaposhnikov 
Phys. Lett. B620, 17 (2005).

⌫
There is new physics beyond the Standard Model, 
but we don’t know exactly what is it



HOW TO FIND HEAVY 
NEUTRINOS?
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• Meson decays 

   Search for extra peaks in lepton distributions (momentum, energy, missing mass, …) 

     R.E. Shrock, Phys. Rev. D24, 1232 (1981) 

• Heavy neutrino decays 

   “Nothing” ➛ leptons and hadrons

�(M+ ! l+⌫H) = ⇢⇥ �(M+ ! l+⌫l)⇥ |UlH |2

⌫H ! e+e�⌫↵, ⌫H ! µ±e⌥⌫↵, ⌫H ! µ+µ�⌫↵,

⌫H ! ⇡0⌫,⇡e,⇡µ,Ke,Kµ, ...

✓



CURRENT LIMITS(E949 
RESULT IS OMITTED)
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Phys. Rev. D91, 052001 (2015)

limits Belle, BaBaR, LHCb for heavy neutrino mass up to 5 GeV/c2  
are not shown here (Nuclear Physics B Proceedings Supplement 00 (2014) 1–4, see also  
arXiv:1502.00477),  
limits from CMS for mass 50—500 GeV/c2 are also not shown (JHEP 04 (2016) 169)
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EXPERIMENT BNL—E949
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K+ ! ⇡+⌫⌫̄

Phys. Rev. D79, 092004 (2009)

Search for ultra-rare decay 

Stopped kaons were used

Buras, A.J., Buttazzo, D. & Knegjens, R., JHEP 1511 (2015) 166

E949+E787 

4+3(E787)=7 events

BR(K+ ! ⇡+⌫⌫̄) =

(1.73+1.15
�1.05)⇥ 10�10

➜

BRSM (K+ ! ⇡+⌫⌫̄) =

(9.11± 0.72)⇥ 10�11



THE E949 DETECTOR
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• Incoming 710 MeV/c kaons were 
identified by Čerenkov counter and 
slowed down by degraders. 

• Kaons came to rest in the centre of the 
target, which was made of 413 5 mm 
square scintillating fibres.

• The whole spectrometer was in a 1 
Tl magnetic field. Daughter particle 
momentum was measured in the 
Drift Chamber, energy and range — 
in the Range Stack. 

• Hermetic system of photon veto 
detectors.
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DATA SAMPLES
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The main trigger. Huge statistics: 1.70×1012 stopped kaons 

Pros — signal decay  K+→µ+νH is similar to K+→π+νν: one single charge track and  
no other detector activity 

Cons — it was designed to select pions from the K+→π+νν, rejected muons 

Monitor triggers  

Pros — simple selection, no muons rejection  

Cons — much less stopped kaons (~107) 

Used for data quality assessment, calibrations of the detector subsystems and  
acceptance measurement for the K+→µ+νH decay. 

😀

😀

😔

😔

✓



DATA  
ANALYSIS

1. Single muon selection criteria 
2. Acceptance measurement 
3. Study of the 1/20 data 

• Acceptance verification 
• Systematic uncertainties 
• Background study 

4. Momentum resolution for the different muon momentum 
5. Peak search method
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THE STRATEGY
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K+→µ+νH — two-body decay, 
the muon momentum is 
unambiguously defined by 
heavy neutrino mass

Pµ = 1
2MKc
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THE STRATEGY
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The main trigger data

5 %

95 %

Selected by choosing every 
20th event (included all runs) 

• Acceptance verification 
• Systematic uncertainties 
• Background shape

Not accessed until all 
cuts were determined. 
Used only to extract 
final result



SELECTION CRITERIA
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The K+→µ+νH signature — single muon track

Trigger 
• Kaon stopped in target 
• Charged track in the fiducial 

volume(1) 
• Delay coincidence (rejected 

kaon decays-in-flight)  
• Rejected long track 
• Photon veto 
• Pion identification in the 

stopping counter: requested 
decay chain π→µ

Offline 
• Track was reconstructed in the 

drift chamber 
• Charged track in the fiducial 

volume(2) 
• Rejected kaon decays-in-flight 
• Rejected extra beam particles  
• Good track in the target and 

Range Stack (numerous 
requirements) 

• Muon identification 
• Photon veto (loose or tight)



THE MAIN TRIGGER DATA
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• Selected by choosing every 20th 
event (included all runs)  

• Muon band: muons from Kµνγ and 
Kµ3 decays 

• Pion band: pions from  Kπ2γ decay 
and from Kπ2 decay in which the 
pions scattered in the target or 
Range Stack and beam pions that 
scattered in the target 

• Both Kµ2 and Kπ2 range tails — 
elastic or inelastic scattering in the 
Range Stack  

5% of all data



SELECTION CRITERIA

15Momentum (MeV/c)
120 140 160 180 200 220 240 260 280

En
tr

ie
s/

1M
eV

/c

-110

1

10

210

310

410

510

after trigger
after UTCQAUL, kin and PRRF cuts 
after beam cuts 
after delayed coincidence
after target cuts
after range-momentum
after loose photon veto

5% of all data



ACCEPTANCE 
MEASUREMENT
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• Muons from K+→µ+νµ and K+→µ+νµ𝛾 decays. Used monitor triggers 
(63 selection criteria) 

• Monte-Carlo simulation of the  K+→µ+νH  decay (fiducial volume)     
(6 selection criteria) 

• Used values from the main E949 analysis (K+ → π+νν ̄ decay)           
(4 selection criteria)

Total: 73 selection criteria



ACCEPTANCE 
MEASUREMENT
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after online pion identification

after kinematic cuts

after all offline cuts with tight photon veto

smooth total acceptance

The largest acceptance lost 
was due to pion 
identification online (~20). 
It was implemented in the 
trigger, cannot be turned 
off

Single events sensitivity 
for the K+→µ+νH decay:

7.35⇥ 10�10

S.E.S = 1
KBlive⇥Acc =



ACCEPTANCE 
VERIFICATION
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The K+→µ+νµ branching ratio measurement,  
 5% of all data was used 

The K+→µ+νµγ branching ratio measurement  
(140<pµ<200 MeV/c), 5% of all data was used



K+→𝛍+𝛎𝛍 DECAY
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K+→𝛍+𝛎𝛍𝛄 DECAY
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Branching ratio measurement in the muon momentum region 140<pµ<200 
MeV/c. We measured all acceptance factors, except the photon veto (one 
photon in the final state)

Used MC simulation and single photon inefficiency table.

APV = (1.24± 0.38)⇥ 10�2

Varied photon veto detectors 
thresholds from zero to the 
nominal values. The photon 
veto acceptance (APV) — the 
mean acceptance of all red 
histograms.



K+→𝛍+𝛎𝛍𝛄 DECAY
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The branching ratio for the muon momentum  
140<pµ<200 MeV/c was measured to be:

BR(Kµ⌫�) = (1.3± 0.4)⇥ 10�3

The measured uncertainty is the systematic uncertainty for the 
acceptance of the K+→µ+νH decay.

BRPDG(Kµ⌫�) = (6.2± 0.8)⇥ 10�3, pµ < 231.5 MeV/c
Used MC simulation to determine branching ratio in the selected 
muon momentum region:

BRPDG(Kµ⌫�) = (1.4± 0.2)⇥ 10�3



BACKGROUND 
PROCESSES
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Kµ⌫� decay
⇡⌫⌫(1) trigger ⇡⌫⌫(2) trigger

Cut Events Cut Events
KT 1999963 KT 1999963
TDOTA 882064 TDOTA 882064
Reach layer B 845986 DC 882064
DC 845986 Reach layer 3–6 844240
Passed mu veto 535667 Passed range veto 119051
Barrel veto 391011 Passed mu veto 108638
Endcap veto 305474 Barrel veto 63178
Hextant veto 278581 Endcap veto 28356
Reach layer 11 266651 Hextant veto 22713
Refined range 62340 Refined range 17995

NKµ⌫� = 70810

Kµ3 decay
⇡⌫⌫(1) trigger ⇡⌫⌫(2) trigger

Cut Events Cut Events
KT 1999873 KT 1999873
TDOTA 632009 TDOTA 632009
Reach layer B 396784 DC 632009
DC 396784 Reach layer 3–6 388128
Passed mu veto 389484 Passed range veto 301363
Barrel veto 79006 Passed mu veto 224003
Endcap veto 19132 Barrel veto 51551
Hextant veto 3787 Endcap veto 10108
Reach layer 11 1729 Hextant veto 2073
Refined range 579 Refined range 1083

NKµ3 = 1458

Table 1: List of ⇡⌫⌫(1), ⇡⌫⌫(2) trigger cuts and total number of events that pass the
⇡⌫⌫(1 + 2) trigger for Kµ⌫� and Kµ3 decays.

Process Trigger+cuts rej BR Total rejection
Kµ⌫� ⇠ 104 6.2⇥ 10�3 ⇠ 107

Kµ3 ⇠ 107 3.35⇥ 10�2 ⇠ 109

Only ⇡⌫⌫(1 + 2) trigger
K⇡2� ⇠ 5⇥ 104 2.75⇥ 10�4 ⇠ 2⇥ 109

Table 2: The Kµ⌫� , Kµ3 and K⇡2� rejection including branching ratios

The K+ ! ⇡+⇡0� decay can be ignored due to 3 gamma in the final state and the
kinematic rejection(⇠ 500, RNGMOM cut). The contribution of each component before
pv90 and after pv90 is shown in Fig. 3.

So the Kµ⌫� decay is the dominant background source for the K+ ! µ+⌫H decay.

4

Used MC simulation . The Kπ2γ decay was ignored due to three 
photons in the final state and large pion rejection (removed 
pion band). 
The  Kµνγ decay is dominant background source.



BACKGROUND SHAPE
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5% of all data 
MC Kµ2+Kµνγ

Momentum, MeV/c Acceptance,⇥10�3

130–135 0.93± 0.37± 0.07
135–140 1.47± 0.47± 0.10
140–145 2.22± 0.52± 0.16
145–150 1.85± 0.42± 0.13
150–155 2.19± 0.40± 0.15
155–160 2.56± 0.49± 0.18
160–165 2.42± 0.35± 0.17
165–170 2.53± 0.28± 0.18
170–175 2.62± 0.24± 0.18
175–180 2.53± 0.21± 0.18
180–185 2.94± 0.22± 0.21
185–190 2.66± 0.19± 0.19
190–195 2.10± 0.15± 0.15
195–200 2.01± 0.14± 0.14

Table 36: Total acceptance and uncertainty for the K+ ! µ+⌫H decay channel as a
function of momentum. First error is statistical, second is systematic.

Process Simulated events Branching ratio
K+ ! µ+⌫µ� 2⇥ 107 (1.4± 0.2)⇥ 10�3, 140 < pµ < 200
K+ ! µ+⌫µ 1.28⇥ 108 0.6355± 0.0011

Table 37: Total number of simulated events and branching ratio for Kµ⌫� and Kµ2 decays.

calculated:

NMC
Kµ2

= Nsim,Kµ2 ⇥ AMC
Kµ2

, (43)

NExp
Kµ2

= (KBlive)1/20 ⇥ AExp
Kµ2

⇥ BR(Kµ2), (44)

where Nsim,Kµ2 is number of simulated Kµ2 events, AMC
Kµ2

and AExp
Kµ2

are total acceptances
for MC and experimental data, respectivily. We try to compare MC and experimental
muon momentum spectra, that’s why total number of Kµ2 events after all cuts for MC
and experimental data should be the same (NMC

Kµ2
= NExp

Kµ2
), so the correction factor for

MC Kµ2 can be derived from Eq. 43, 44:

kKµ2 =
(KBlive)1/20
Nsim,Kµ2

⇥
AExp

Kµ2

AMC
Kµ2

⇥ BR(Kµ2). (45)

Correction factor for the Kµ⌫� decay is calculated the same way:

kKµ⌫� =
(KBlive)1/20

N140<p<200
sim,Kµ⌫�

⇥
AExp

Kµ⌫�

AMC
Kµ⌫�

⇥ BR(Kµ⌫�). (46)

It should be noticed that we simulated the Kµ⌫� decay with requirement E� > 5 MeV.
To calculate number of simulated events in the muon momentum region 140 < pµ <

40

Momentum, MeV/c Acceptance,⇥10�3

130–135 0.93± 0.37± 0.07
135–140 1.47± 0.47± 0.10
140–145 2.22± 0.52± 0.16
145–150 1.85± 0.42± 0.13
150–155 2.19± 0.40± 0.15
155–160 2.56± 0.49± 0.18
160–165 2.42± 0.35± 0.17
165–170 2.53± 0.28± 0.18
170–175 2.62± 0.24± 0.18
175–180 2.53± 0.21± 0.18
180–185 2.94± 0.22± 0.21
185–190 2.66± 0.19± 0.19
190–195 2.10± 0.15± 0.15
195–200 2.01± 0.14± 0.14

Table 36: Total acceptance and uncertainty for the K+ ! µ+⌫H decay channel as a
function of momentum. First error is statistical, second is systematic.

Process Simulated events Branching ratio
K+ ! µ+⌫µ� 2⇥ 107 (1.4± 0.2)⇥ 10�3, 140 < pµ < 200
K+ ! µ+⌫µ 1.28⇥ 108 0.6355± 0.0011

Table 37: Total number of simulated events and branching ratio for Kµ⌫� and Kµ2 decays.

calculated:

NMC
Kµ2

= Nsim,Kµ2 ⇥ AMC
Kµ2

, (43)

NExp
Kµ2

= (KBlive)1/20 ⇥ AExp
Kµ2

⇥ BR(Kµ2), (44)

where Nsim,Kµ2 is number of simulated Kµ2 events, AMC
Kµ2

and AExp
Kµ2

are total acceptances
for MC and experimental data, respectivily. We try to compare MC and experimental
muon momentum spectra, that’s why total number of Kµ2 events after all cuts for MC
and experimental data should be the same (NMC

Kµ2
= NExp

Kµ2
), so the correction factor for

MC Kµ2 can be derived from Eq. 43, 44:

kKµ2 =
(KBlive)1/20
Nsim,Kµ2

⇥
AExp

Kµ2

AMC
Kµ2

⇥ BR(Kµ2). (45)

Correction factor for the Kµ⌫� decay is calculated the same way:

kKµ⌫� =
(KBlive)1/20

N140<p<200
sim,Kµ⌫�

⇥
AExp

Kµ⌫�

AMC
Kµ⌫�

⇥ BR(Kµ⌫�). (46)

It should be noticed that we simulated the Kµ⌫� decay with requirement E� > 5 MeV.
To calculate number of simulated events in the muon momentum region 140 < pµ <

40

Obviously, MC is not the best fit of 
data, but we are not going to use the 
simulated background shape in the 
further analysis. MC shape does not 
have obvious bumps or valleys, so 
the only conclusion from simulation 
is to assume that experimental 
background shape also should be 
smooth, but we do not know exact 
background shape.



MOMENTUM 
RESOLUTION
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Kµ2Kπ2

MC simulation was consistent with data, so we used the K+→µ+νH 
simulation to measure muon momentum resolution



MOMENTUM 
RESOLUTION
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�(p)(MeV/c) = (�0.1071 + 0.01278⇥ p(MeV/c))± 0.14± 0.05



PEAK SEARCH METHOD
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• We don’t know exact background shape due to very low 
acceptance for background. But it is not really necessary because 
the background fitting is data-driven 

• Define shape locally: choose ±6σ region around the point of 
interest (σ is momentum resolution for the selected point) and fit 
it by 2 order polynomial function 

• Use Gaussian with well known sigma as a signal 

• Use likelihood approach which is approved by Higgs search to get 
upper limit (Eur.Phys.J.C71:1554,2011)



PEAK SEARCH METHOD
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• Construct the following likelihood function 
 
 
 
 
 
 
 
 
s and b – signal and background distributions. Since background distribution is 
taken from data fit, θ=1, µ is signal strength parameter; 
s – gauss. ni – number of observed events in each bin; 
β takes into account acceptance of the point of interest (βpeak) and its total error (σ

β
) 

 



PEAK SEARCH METHOD
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• “Asimov” data set based on background shape was generated 
to calculate expected upper limit (background only 
hypothesis) at 90%C.L. 

• Use the same upper limit calculation method but with 
experimental data to get observed upper limit at 90%C.L.



PEAK SEARCH METHOD
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PEAK SEARCH METHOD
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SIGNAL ILLUSTRATION
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The 5% of all data was fitted by 
exponent in the momentum region 
120—200 MeV/c. The background 
was generated in ROOT by using the 
fit parameters. The signal events 
were added to the generated 
background

added 500 signal events  
with mνH=250 MeV/c2

MC simulation

added 100 signal events  
with mνH=250 MeV/c2

MC simulation

added 50 signal  
with mνH=250 MeV/c2

MC simulation

|UµH |2 = 1.4⇥ 10�8

|UµH |2 = 1.4⇥ 10�7 |UµH |2 = 2.8⇥ 10�8

THERE ARE NO REAL DATA POINTS!!!



SIGNAL ILLUSTRATION
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MC simulation MC simulation

Yes! We found the peak at 5.6σ We are not able to find the peak

|UµH |2 = 1.4⇥ 10�8|UµH |2 = 2.8⇥ 10�8

added 50 signal events  
with mνH=250 MeV/c2

added 100 signal events  
with mνH=250 MeV/c2

THERE ARE NO REAL DATA POINTS!!!



RESULTS
1. Full data analysis 
2. Interpretations  
3. Conclusions



FULL DATA SAMPLE
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PEAK SEARCH
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MIXING MATRIX 
ELEMENT

36
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function. The observed limit on data was extracted with
Eq. 11.
The 1/20 sample with loose photon veto in Figure 4

was chosen to test fit quality. The tight photon veto is
not suitable for this due to very low statistics in the 1/20
sample. The background fitted result’s χ2/ndf varies be-
tween 0.7 and 1.4, where the ndf is the number of degrees
of freedom and corresponds to the number of points used
in the fit minus the number of fit parameters.

IV. RESULTS

With the real data, the Asimov data and the test
statistic tµ, the mixing matrix element |UµH |2 upper limit
can be obtained for a fixed momentum value. The mix-
ing matrix element upper limit was calculated using the
equation below which can be derived from Eq. 2

|UµH |2 =
Ncandidates

Acc×NK × ρ×BR(Kµ2)
, (12)

where Acc is the total acceptance, NK is the num-
ber of stopped kaons, ρ is a kinematical factor [19]
and BR(Kµ2) = 0.6355 is the K+ → µ+νµ branch-
ing ratio [41]. According to constructed likelihood func-
tion (Eq. 8), the signal strength parameter µ is not the
number of candidate events itself, but number of can-
didate events after correcting for acceptance. Therefore,
the valueNcandidates/Acc is the strength parameter µ and
the upper limit of µ leads to the upper limit of |UµH |2.
After the 1/20 data sample analysis and the peak

search method was tested, we proceeded to analyze the
full E949 data sample and applied the tight PV. The
muon momentum spectrum after all cuts is shown in Fig-
ure 10. However, after processing the 19/20 sample for
peak finding, we found that the ±9σ region was not suit-
able for the high momentum region and a ±6σ region
was used. The background fitted results χ2/ndf varies
between 0.5 and 2.5 for the ±9σ region and between 0.4
and 1.6 for the ±6σ region.
The signal strength parameter µ vs. muon momen-

tum is shown in Figure 11. The dotted (red) line is
the expected upper limit using the Asimov data and the
solid (black) line is the observed result using real data.
In addition, the (color) filled area is the 1σ and 3σ error
bands evaluated with the Asimov data in the momentum
region from 130 MeV/c to 200 MeV/c. The uncertainty
of the upper limit calculation is dominated by the statis-
tics and the error of the total acceptance.
There is no evidence for a heavy neutrino signal. Ac-

cording to our constructed likelihood (Eq. 8) µ in Fig-
ure 11 (y-axis) is Ncandidates/Acc at 90% C.L. and we
can use it directly to calculate the mixing matrix element
upper limit (Eq. 12). This result for the mixing matrix
element upper limits at 90% C.L. is shown in Figure 12
varying from 10−9 to 10−7.

V. SUMMARY

We reported the result of the search for heavy neutri-
nos in the K+ → µ+νH decay channel using the E949

data sample in an exposure of 1.70×1012 stopped kaons.
Heavy neutrinos with masses O(1) GeV/c2 are allowed
by the νMSM model. The main E949 trigger was de-
signed to select pions, but muons were present in data
set due to inefficiencies in the pion selection criteria ap-
plied. These muons were used for the search for heavy
neutrinos. Since no evidence for extra peaks below the
main K+ → µ+νµ peak was found we set new upper
bounds on the mixing matrix element |UµH |2 in the mass
region 175–300 MeV/c2. The obtained bounds improve
previous peak search results by two order of magnitude
and the CERN PS191 results by order of magnitude in
the selected heavy neutrino mass region. In contrast to
the CERN PS191 or BBN bounds the result is model-
independent because no assumptions about heavy neu-
trino decay rates or couplings.
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Appendix: The photon veto acceptance
measurement for the K+ → µ+νµγ decay

The single photon inefficiency table (SPI) is shown in
Figure 13. The angle between the outgoing photon and
beam directions (z-axis) is θγ .

To use this table we simulated the γ direction and en-
ergy distributions from K+ → µ+νµγ decay. The SPI
table includes both online and offline photon veto require-
ments and we cannot use it if the muon and the photon
hit the same stopping hextant because the range stack
photon veto was not applied in this case. A photon was
rejected if it hits any of the photon veto detectors with a
detected energy more than 1 MeV (offline PV threshold).
The true threshold for the photon energy should be lower
than this because of the contamination due to detector
activity or electronic noise. The photon acceptance was
measured to be APV = (1.24 ± 0.38) × 10−2, where the
estimated uncertainty is determined by scanning the en-
ergy threshold in the MC from 0 to 1 MeV.
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• X is invisible set of neutral particles 
• We are able to set a limit on any decay with a single muon 
• For example, the K+→µ+ννν decay, which hasn’t been probed 

since 1973 
• BR ~10-16 in SM (recent calculation, arXiv:1605.08077) 
• Can provide information on two effects: neutrino-neutrino 

interaction (Phys. Lett. B32, 121–124 (1970), arXiv:hep-ph/
9908272) and six fermion interaction (Phys. Rev. 133, 
B130–B131 (1964) ) 

• PDG value 6.0×10-6 based on neutrino-neutrino interaction 
model (1973!)
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The heavy neutrino existence in the mass region 175-300 MeV/c2 was 
tested using E949 experimental data set 
No evidence was found  
Previous best constraints from CERN PS191 were improved by order of 
magnitude 
New mixing matrix element |UµH|2 upper limit is varying between 10-9 
and 10-8 

In contrast to CERN PS191 or BBN lower limit our result is model-
independent. 
No evidence for K+→µ+ννν decay was found 
Improved the current limit by factor ~3. For the first time limit is 
presented in the framework of the standard model 
Presented procedure to calculate upper limit on any possible kaon decay 
to muon and invisible set of neutral particles for any assumed muon 
momentum spectrum 
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Roles K+ ! µ+⌫µ K+ ! µ+⌫µ� K+ ! µ+⌫H
Acceptance trigger X
measurement for L1n X
the K+ ! µ+⌫H decay Refined Range X

kin X
beam&target X
RNGMOM X
PV X

Background study X
Resolution X X

Table 1: Roles in the analysis

1

MC simulation

We used muons from the Kµ2 decay to measure the acceptance, in 
general. Muons from this decay have certain momentum. To 
study acceptance vs momentum we used Kµνγ decay.
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FIG. 5. Acceptance dependence on momentum. Black solid
line shows the smooth total acceptance which is used for the
mixing matrix element upper limit calculation.

cation requirement (blue curve in Figure 5). It should
be noted that the acceptance curves in Figure 5 must be
corrected for momentum p > 220 MeV/c since the Monte
Carlo simulation of layer 19 and the refined range require-
ments are not accurate in this region. However, this is
not relevant for the heavy neutrino study since we will
investigate the momentum region between 130 MeV/c
and 200 MeV/c. According to Figure 5 the acceptance
is smooth and has a maximum in this region. The total
acceptance for the K+ → µ+νH decay with heavy neu-
trino mass mνH = 250 MeV/c2 (Pµ = 163.6 MeV/c) was
measured to be

Am250
= (8.00± 1.05(stat.))× 10−4, (3)

where the error is statistical. The systematic uncer-
tainty will be presented below. So, the single event
sensitivity (S.E.S.) for the heavy neutrino with mass
mνH = 250 MeV/c2 can be calculated as

S.E.S. =
1

Acc×NK
= 7.35× 10−10, (4)

where Acc is the total acceptance and NK is the total
number of stopped kaons. This sensitivity is roughly con-
stant for the whole investigated region.

2. Verification

The K+ → µ+νµ and K+ → µ+νµγ branching ra-
tios were measured using the 1/20 data sample to verify

Acceptance factors K+ → µ+νH K+ → µ+νµγ K+ → µ+νµ
fs Kπ2(1)
APRRF πscatAUTCQUAL

ϵT•2 Kbeam
AFid&Range

AKinematic MC
A19ct

Kµ2
ARefinedRange Kπ2(1)
Aπ→µ Kπ2(1)
ARNGMOM not applied
ABeam&Target Kµ2
ADELC

APV
Loose not applied MC
Tight Kµ2 not applied not applied

TABLE I. Acceptance factors for signal decay and for the
K+ → µ+νµ and K+ → µ+νµγ branching ratios measure-
ments. Each cell indicates the data sample which was used
to study corresponding acceptance factor. MC means Monte
Carlo simulation.

the total acceptance for the signal decay. Table I shows
they share a lot of common data samples for acceptance
measurement of the signal channel.
The K+ → µ+νµ decay is similar to the signal K+ →

µ+νH decay, but it has higher muon momentum than our
signal region. That’s why layer 19 veto, refined range
and online pion identification acceptance factors must be
remeasured.
The K+ → µ+νµγ decay has muons with momentum

in signal region, but there is an extra photon in the fi-
nal state. That’s why photon veto acceptance must be
studied separately and a different method was used to
measure it.

• BR(K+ → µ+νµγ) measurement

The K+ → µ+νµγ branching ratio was measured in
the momentum region 140 < pµ < 200 MeV/c. All
acceptance factors except photon veto were already
measured and shown in Figure 5. The photon veto
acceptance for the K+ → µ+νµγ decay should be
studied separately due to the presence of one pho-
ton in final state.

Photons from the K+ → µ+νµγ decay have en-
ergy E > 20 MeV in the muon momentum re-
gion 140 < pµ < 200 MeV/c. The photon veto
acceptance in this region was determined using
the single photon inefficiency table (see Appendix
and [40]). The photon acceptance was measured to
be APV = (1.24± 0.38)× 10−2.

The total acceptance for the K+ → µ+νµγ decay
was determined to be AKµνγ = (3.60±1.11)×10−5.
Based the on 1/20 sample, the branching ratio was
measured to be

BR(K+ → µ+νµγ, 140 < pµ < 200 MeV/c) =
= (1.3± 0.4)× 10−3,

(5)
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P = PUTC + CORRECTION (energy losses in target, drift 
chamber)
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Online π -> µ decay requirement:  

The pulse height (PH) and the area (PA) of the pulse(s) recorded by 
TDs in the stopping counter are compared. The ratio PH/PA would be 
smaller for double pulses than for a single pulse 

Requirements for stopping counter finding: 

Events are rejected if coincident hits are detected in a RS near the 
stopping counter 

Events are rejected if one of two adjacent hextant hits is not due to a 
charged track
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Use monitor trigger (KP21) and some 
offline cuts to select pure muon sample: 
KP21, UTCQUAL, COS3D, ZFRF, 
ZUTOUT, PRRF, B4DEDX, PV90, 
RNGMOM. No TD cuts

We use Z-dependence 
of L1n cut to emulate it 
in MC
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PV acceptance measurement

All Km2g events

Muon and photon in the 
same stopping hextant

Muon and photon in the 
different hextants Apply SPI table

Hits in BV or EC

No hits in BV, EC
Do nothing, pv cut is 
not applied

Remove these events due 
to online pv

Use MC simulation of the Km2g decay within pnn1 or pnn2 or pnn12 trigger w/o 
online photon veto

Thresholds in BV and EC are 5 MeV and 20 MeV respectively. For 140<ptotmu<200 
MeV/c gamma energy E>20 MeV


