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Sterile neutrino searches

» Evident observations -> non-zero v mass & v oscillation

> Various extensions to SM to accommodate massive sterile neutrino (HNLs)

»<Neutrino Minimal Standard Model (vMsM)

[T. Asaka and M. Shaposhnik Phys .Lett B620 (2005) 17]

- 18 new parameters in the Lagrangian
- Dark Matter and Baryon Asymmetry of the Universe
- neutrino oscillation
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» Evident observations -> non-zero v mass & v oscillation

> Various extensions to SM to accommodate massive sterile neutrino (HNLs)

»<Neutrino Minimal Standard Model (vMsM)

[T. Asaka and M. Shaposhnik Phys .Lett B620 (2005) 17]

3 right-handed massive neutrino N, added to SM
N, mass O(10 KeV) : Dark Matter candidate
N, mass O(100 MeV) : mass to SM neutrinos via see-saw mechanism

> Active sterile neutrino mixing :
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HNLs in Kaon decays

> HNL production if my<m,: K = IN, K = m°N (| = we)

I'(K — IN) = T(K — lv,)IU,4|2
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[R. Shrock PLB96 (1980) 159]

Kinematic enhancement factor

(r—e)2
pimy) = R 212(1, x, )

Ala,b,c) = a*> + b*> + ¢ — 2(ab + bc + ac)



HNLs in Kaon decays

> HNL production if my<m,: K = IN, K = m°N (| = we)

(K — IN) = [(K — Iv)) -p,(mm
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3.5 Mixing matrix element:

3 lepton = HNL coupling
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HNLs in Kaon decays

» Heavy Neutrino production in Kaon decay (my<m,) : K — IN , K = m°IN

[ [(K — IN) = I(K — v;) - p(my) - |Unl® ]

» Heavy Neutrino decay in SM particles:
N—mv , N—=>mu, N—me ,N — vy
(dominant decays for my < 500 MeV/c)

[ (N — SM particles) ~ |Ul? m]3v J

» Two complementary strategies:

Production + Decay
<> model dependent (mass and lifetime)
<> sensitive to short-living (unstable) HNLs
<> sensitive to Majorana/Dirac nature

Production
<> independent of HNLs decay modes
<> sensitive to long-living (stable)
HNLs




Kaon experlmenf @ CERN

NA48 1997-2001
direct CP violation
K. /Ks beam

NA48/1 2002
K</hyperons

NA48/2 2003-2004
K+/K- beam

NA62-R, 2007-2008
(NA48/2 detector)

KieZ/KiuZ
K+/K- beam

NA62
2014 pilot run
2015 commissioning run
2016- K+ —=mtvy
K* beam

Kaon decay in flight experiment

NA62: currently ~200 participants, 29
institutions from 13 countries
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> NA48/2 : Heavy Neutrino production + decay in Kt—muu decays



NA48/2 and NA62-R, apparatus

Muon veto sytem

_Hadron calorimeter BEAM :
Hautd krypton celorimeter > 400 GeV/c protons from the SPS
/“f';:::‘:::;,,,ber s > secondary simultaneous K* beams

/Aot ounter 7 > p=60 GeV/c (NA48/2) & p=T4 GeV (NA62-R,)

N
S

Helium tank
/Drift chamber 3

— MAIN SUBDETECTORS :

incramber2 ~ NM@gnetic spectrometer

/Antl counter 6 4 Drift Chambers (DCHS)

(NA48/2) 6,/p = (1.02600.044p)% [p in GeV]
(NA62-R,) ap/p = (0.4890.009p)% [p in GeV]

Drift cham>ber 1

Keviar Mndgharged HOdoscoPe (HOD)

\\\ fast trigger for charged particles

MAIN PHYSICS INTEREST: time resolution 6;~200 ps

study of K decay % > Electromagnetic calorimeter (LKr)

liquid krypton with high granularity
27 radiation lengths
6. /E = 0.94% @ 20 GeV

NA62-R,: %”7
Ry = I'(K—ev)/I'(K—uv)
[Phys. Lett. B719 (2013) 326] > Muon veto (MUV)



NA48/2 HNLs search

» Look to in K*=muu decays -> HNLs production + decays

» Two different sample
Kf—=m utu* same-sign muon sample LNV decay
Ki—=m*utu- opposite-sign muon sample LNC decay

» Selection:

<> one well reconstructed 3-track vertex

<> 2 same/opposite sign muon + 1 pion

< total p; consistent with zero

<& signal region IM(t* utu®) - Myl < 5 MeV/c? (LNV) / 8 MeV/c2 (LNC)

» N¢~2 x 10" kaon decays in fiducial region from reconstructed Kf—m*m-m*



NA48/2 HNLs search

» Selected events:

Ki—)n¢uiui‘

same-sign muon sample
% —— Data
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Entries/(0.5 MeV/c?)
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NA48/2 HNLs search

» Selected events:

Ki‘—)niuiui

| 1 H 1 | Hij.\lﬂ

460

—e— Data

mckswwr || > Number of signal event N . =1

o D MC K*>n*n ptv

S A > EXPQCfed background
| ; (from MC simulation)
Ty .............................. — — Nexp.= 1.163+0.867,,,+0.021,,+0.116
| » Rolke-Lopez statistical treatment to
R get UL(Ngigna!)
BR(K* — ¥ u*u*) < 8.6 x 107! @ 90% CL
I : (World best limit)
470 '4z|30 4sl4oI - I5(50l ~ 510

M(r7utpt), MeV/c?



NA48/2 HNLs search

» Selected events:

» 3489 selected Kft—=miutu-

» Kt—>mir-mt background (0.32+0.09)%

Entries/(0.5 MeV/c?)
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NA48/2 HNLs search

» Selected events:

Ki—)ni”+”-

opposite-sign muon sample

% 250 __—0— Data
S i [ IMC K riprp +
5 i N E:
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» Scan M(trtu’) to search for HNLs

> Rolke-Lopez statistical treatment to set UL 460

ceed [ MC KESmtptp
|:| MC K Smin*n
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NA48/2 HNLs search

Same-sign muon sample 3 [
ULMsign) S E ~
UL(BR(K* — p*N) - BRIN — n*u)) = P ?j - Acceptance ~ 1/t fort>1ns

- r‘_'l -
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¢9:> = B =
= n Acceptance ~ 1/t fort>1ns T. E
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Assumed N, mass, MeV/c? UL(BR(K* — u*N)- BR(N — n*u¥)) = UL(Nsign)

Nk * Acceptance

No signal observed
with > 3o significance




» NA62 2007 : Heavy Neutrino production in K*—u*N decays



NA62-R, HNLs search

> Peak search in K*—=u*N looking to M. = (P« - pu)l/z

> Signal region M_.... € (300-375) MeV/c?

> Only K* data (43% NA62-R,) higher muon halo rejection wrt K-

» Dedicated HNL MC simulation with mass [240-380] MeV/c? for acceptance and
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NA62-R, HNLs search

» Selection:

<> one positive track with momentum [10-65] GeV/c

<> muon identification

<> no photons associated to the track
<> 5 dimensional cut (z,, 4, €da,pick9.¢) against muon halo

Kaon decays in fiducial volume N, ~ 6 x 107 (from reconstructed K*—u*v decays)
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NA62-R, HNLs search

> Background:
<> MC simulation for K decay
<> Data driven method for muon halo (K- beam)

14000 K decay background |-

F : } halo model
12000 g - halo statistical
MUV efficiency

trigger efficiency

10000}
Background budget vs mass

DCH resolution tails | |

For my > 300 MeV/c? statistical
uncertainty dominated by muon halo
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NA62-R, HNLs search

> Peak scan [300-375] MeV/c?

> Mass step 1 MeV and mass window 10y,
> Rolke-Lopez statistic

> No signal observed with > 30 significance

4.0 x‘10_5
400 | - Expected limit "o Expected 11.m1.t : : : :
3.5/ | — Observed limit | . S .

Nobs. = nsign. = nbkg — Observed limit ) 4
| I 10 expecte

3sol o S S ~|EE 1o expected

[ 30 expected 3.01{C—1 30 expected

S ]
2 O
= =)
= X
O [=)
o (@]
] i i 3 3 ?_,\
D 300 | S NEAA R
42 : : : : : : : —~ 2.5}
3 T VA ALY =
2500 SR SU— WYY \ +
o | | | | ; | | 3 20}
s T
60200} +
:2 5 1.5
) ot
s 1501 M
1.0}
2 S
3 100} =
= = 05
g
.J 50 7 """""""" """""""" """""""" """"""" v ) A . . . . . . .
§ § § § § § 0.0 ; ; ; ; ; ; ;
= 3 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 300 310 320 330 340 350 360 370
oL ; ; ; ; ; ; ; - 2
300 310 320 330 340 350 360 370 Heavy neutrino mass (MeV/c®)
Heavy neutrino mass (MeV/c?) + + _ UL(Nsig)
Flavour and Dark Matter, Heidelberg September 2017 UL(BR(K — M N))

~ Nk Acceptance 72



NA62-R, HNLs search

» Constrain on |U,,[?

U |2 — BR(K*—u™N)
HAL T b my)  BRIK -t v)

Expected limit
1o expected
30 expected

0

Observed limit

UL on |U,,4|* at 90% CL

300 310 320 330 340 350 360 370
Heavy neutrino mass (MeV/ c?)

Flavour and Dark Matter, Heidelberg September 2017
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» NA62 2015 : Heavy Neutrino production in K*—e*N decays



NA62 apparatus

Physics Goal:

< Kt =mtvy

Physics program:

<> Rare & forbidden K decays (LNV,LFV)
< Heavy neutral lepton

< Dark sector

Primary beam from SPS:

<> 400 GeV/c protons

Secondary hadronic beam:

< un-separated K+(6%)/p(23%)/m*(70%)
<> 75 GeV/c (£ 1%)

< 750 MHz

CHODs
Spectrometer

}
0 00m Fiducial decay region

(LAV
Charged Anticounter

(CHANTI) \

Vacuum

Upstream detectors
< Kaon tagging KTAG:
<>

< Beam guard Ring CHANTI

Fiducial volume: [105-165] m, placed
in vacuum, 4.5x10'2 Kaon decay/year

Flavour and Dark Matter, Heidelberg September 2017

160m'
Large Angle Veto
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Liquid Krypton  nMuon Veto system
Calorimeter (LKr) (MUV)

Downstream detectors

< Tracking 4 STRAW chambers
<~ Timing and trigger Hodoscope
< Particle ID: RICH + HAC

<> Muon veto

< Photon Veto system

[NAG62 Detector Paper, 2017 JINST 12 P05025] .



NA62 2015 HNLs search

> Peak search in K*—e*N looking to M. = (P, - P,)/2

> Signal region M, € (170-448) MeV/c?

» Minimum bias data @ 1% nominal intensity

» No beam tracker -> average momentum using K*—=m*mm-

> N¢ ~ 3 x 108 in fiducial volume

» Dedicated Heavy Neutrino MC simulation to evaluate acceptance and M
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NA62 2015 HNLs search

> Selection

<> one positive track with momentum
[5-70] GeV/

<> electron ID: 0.9 < E/p < 1.15 + RICH

<> photon and muon veto applied

> SM signal region [M2_. | < 0.014 GeV?
» HNL signal region 170 < M

miss.

» Peak scan with step 1 MeV and window
tl.50,,

» Background estimation from polynomial
fit to data M, spectrum outside signa
window [100-460] MeV (5 MeV step)

» Background statistical error estimated
with dedicated MC simulation

500

400

< 448 MeV 4,

200

| 100

IIIIIIIIIII

—e— Data
[ K orfe'y
T e’V
|:| K'sp'y (W —e’vv)
B K -y (no p decay) |]

[ JK—e’v(y)

...................................

...................................

005 041 015 02

m2,.. [GeVZ/c’]



signal events, branching ratios, and U,_,

NA62 2015 HNLs search

» The Rolke-Lopez method was used fo estimate upper limits on the number of

» Uncertainty on N.ci.q due to limited size of data sample
> No signal observed with > 3o significance

Numbers of events
N N
(e»] (8)]
(en] (en]

—
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o

100

50

= Expected events
—— Observed events
Expected UL, 90% CL
—— Observed UL, 90% CL
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UL on |um|2 at 90% CL
S

—
o
¢

10®

World limit on |U,,|?

KEK (1984)
K'optv, K'—e'v

TRIUMF (1992)
nt—oe'v

NA62 (2017)
K*—etv

PIENU (2011)

E949 (2015)
K'-p*v

lllllllIIllllllllIllllllllllllllIlllllllllll

NAG62-2007
(2017)
K'-p*v

50 100 150 200 250 300 350 400 450
HNL mass [MeV/c?]

2 ['(K—IN)
IUI4| — T(K-=v)* pi(my)

K*—u*N
NA62-R, set limits in a new mass
range 300 < my < 375 MeV/c? at
the 10> level

K*—e*N
NA62-2015 improved previous
limit reaching 10-¢ - 10" in the
range 170 < my < 448 MeV/c?



Conclusion

NA48/2 [ PLB769 (2017) 67 ]
» LNV Kif—=mutu* decay
» Search for Kt—=u*N(N—mut) decays (Majorana neutrinos)
Limits on BR products of the order 10-° for neutrino lifetimes < 100 ps
» Search for K=u*N(N—m*u*) decays (LNC heavy neutrinos)
Limits on BR products of the order 10-° for neutrino lifetimes < 100 ps

NA62-R, [ PLB772 (2017) 712 ]
» Search for K*—u*N decays (production)

Limits on BR(K*—u*N) ~ 105, limits on |U |2 ~ 10> for 300 < my < 375 MeV/c?

NA62-2015 [ paper in prepration |
» Search for K*—e*N decays (production)
Limits on |U_,|? ~ 10-6-10"7 for 170 < my < 448 MeV/c?

» Future prospects: new results from 2016 data (large statistic, beam tracker,
higher intensity) many analysis on-going



Thanks for your attention!

Flavour and Dark Matter, Heidelberg September 2017
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NA62 Physics Program

“Standard” kaon physics
« ChPTstudies: K* - ntyy, Kt - n*tnete K,
« BR and form factors: K* - nu*v,, K* - ne*v,

Lepton flavour/number violating decays
e K*>ntutet, Kt>nutet, K* - n It

Heavy nevutral leptons
e K*- utv,
» v, from upstream K, D decays, v;, - ml

Long lived dark sector particles
« Dark photon ¥’ produced in ©/p decays in target with y’ - [T1*
« Axion-like particle A° produced in target/dump, with A% - yy

n° decays
« % > jnvisible, n°- 3y,4y; n° > y'y



