MUON-NEUTRINO W [he search for heavy
neutrinos at NAG2

Like its first-generation
sibling lepton the
electron-neutrino, the

MUON-NEUTRINO is
extremely difficult to Theory Of heavy neutrinOS

detect (hence the bandit’s

mask). Discovered in 1962, The NA62 RK detector

it is emitted in the decay of AnaIySiS Strategy
a muon. [ts mass is about .
one-third of an electron. Background suppression
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Neutrino mass



Standard Model Particles

The basic ingredients of reality

The 4% of the universe we know about.. *
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SM particle charges

Field SU(3) SU(2)L T3 Y/2 Q=T°+Y/2

g, (gluons) 8 1 0 0 0
(W, W) 1 3 (£1,0) 0 (£1,0)
B, 1 1 0 0 0
o) =2 (HR) e ()
UR 3 1 0 2/3 2/3
_dRVL 3 1 1(/)2 :1/3 -10/3
we() v (BR) e (Y
ER 1 1 0 1 -1
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Mass terms

- A mass term in the SM Lagrangian:

miy = m(Yrir + YLYR)

- Eg: down quark mass:

mdd = m(drdr, + drdg)



SM particle charges

Field SU(3) SU(2)L T3 Y/2 Q=T°+Y/2

g (gluons) 8 1 0 0 0
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Mass terms

- A mass term in the SM Lagrangian:

miy = m(Yrir + YLYR)

+ Eg: down quark mass:

mdd = m(dpdy, + dpdg)

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

= +1/2
= -1/2




SM particle charges

Field SU3) SU(2). T3 Y/2 Q=T3+Y/2

g (gluons) 8 1 0 0 0
+ n
(Wi, W) 1 3 (£1,0) 0 (£1,0)
BY 1 1 0 0 0




BEH and all that

- \We can make an allowed term with an extra scalar field:

[}Yukuwa:::_;YQII“IIIII ¢::(ﬁ;>

T3: = 0 SSB
0
Y/Z :® (U‘l_H)

- After spontaneous symmetry breaking, we see a mass
term and a Higgs coupling term:
-YQU YQ
*CYukuwa (6) — \/_ \/_ ddH




Yukuwa couplings

down type quarks charged leptons
Lyvuc(d) =Yy [qr®dr + dr®Tqr]  Lvuk(e) = Ye [X1Per + er®x 1]

up type quarks neutral leptons
Lyuk(u) =Yy, [QLEI\DuR + ﬂRZI\DTqL} Lyuk(v) =Y, [XLCT)VR + DREI\)TXL]

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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Evidence for neutrino oscillation and,
hence, neutrino mass is how overwhelming




What do the neutrino mass terms look like?

Just introduce vr? (analogous to ur)

LYuk(V) — YV XLEI\)VR ER(I)TXL

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

Mass
(giga-electron-volts)

Yy has to be

unnaturally small /ﬁ"/

OSONS



Right handed neutrinos are more flexible

+ RH neutrinos are singlets of SU(2). and U(1)y.

1 —
—Lpare = §BVLVR + h.c.

1 >~
—Lpare = 5 Z By N Nyr + h.c.

1,17

mixing between mass  N;p = E ViaVar

and Tlavour states N

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



See-saw mechanisms

- The combined neutrino mass term looks like:

1 =[O0 M\ [7g
_»Cmass — 5 (VL NL) (MT B) (NR) + h.c.

mass matrix from mass matrix from lepton
Higgs coupling numMper violating terms

Diagonalizing this matrix gives the mass eigenstates.

If B > M: ye
m ~ — mng.

B

SM neutrino heavy neutrino



Models

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

- Additional symmetries at high energy
SU((2).xSU(2)rxU(1)y

- Expanded Higgs sector A = (A° A" A™)
- Careful parameter choice can help solve other problems:

- VMSM (Neutrino Minimal Standard Model)

-IXiIng heavy neutrino masses at the electroweak scale,
oroduces a dark matter candidate and a source of
Daryon asymmetry




Neutrinos in kaon decay

- Weak decays produce neutrinos in flavour eigenstates
- A flavour eigenstate Iis a superposition mass eigenstates

We can look for heavy mass state component

F(K+ — ,LL_I_Vh)

Ry, =
/ o K+ — ptv,)ios

experiment
_ 2 kaon physics
\ Fon = ‘U“h‘ h cancels

_ theory: kinematic

extended factors
Vi V2 V3Vh PMNS matrix
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Heavy neutrino kinematics R fom

Increasing neutrind Mass » Increasing neutrino mass
decreases phase space releases helicity constraints
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Heavy neutrino kinematics

experiment Ron = |Uyn ° K

0.0 0.1 0.2 0.3 0.4

Heavy neutrino mass (GeV/c?)

matns

theory

Kinematic endpoint occurs
when my = mk - My

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 Kt—=p*vy, events

Reconstruct neutrino mass from
kaon and muon momenta

mIQIliSS — (pK _pM)Q

Look for a peak at non-zero
MISSING Mass



—XIsting limits
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NA48/1/2 NAB2:Rk NAG2Z
-Ixed target kaon decay-in-flight experiments

NA48/1 NAG62:Rk
Ks and hyperon Lepton universality
rare decays in K*, K- decays
|| —
1995 2000 2005 K 2010 2015
I L -
My data
NA48 NA48/2 NAG2
Re(e'/e) in Ks and K. Direct CP violation Ultra rare

Discovery of direct CPV N KK decays kaon decayS



Sk 2007

['(K — ev)

K Z DK S w)

my source of
heavy neutrinos

- Accurately predicted in the SM
and sensitive to NP.

- 2007 data set used to measure
Rk with 0.4% precision

branching ratio ~ 1.5x10-5
(helicity suppressed)

branching ratio ~ 0.64

s Ay
+ ~
+ H //@—Il\’
K i, sepion
..
u \/_

- 4 months of data taking

Minimum bias sample of K"
decays: ~10 In the p channel



Detector
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eavy neutrino analysis



Analysis strategy

Muon momentum
measured In the

TN spectrometer
( drift chambers 1-4 )

<aon position and
momentum
monitored with the
Kinematically closed
decay K=t

....
....
I( ‘e,
....
L

Neutrino mass reconstructed from Kt and p*
momenta.

Ay

m, =p, = (Px — pu)°



Single track selection

Select events with 1 ‘good’ track in the drift chambers
(additional ‘ghost’ tracks can be ignored)

Good tracks: - Selected Tracks
In time with the trigger *  positive charge
At| < 62.5
A <62.5ns CDA < 3.5cm

In momentum range . ) I' .
3<p<65GeV/c track quality > O.

Closest distance of
approach to K < 10cm

Estimated vertex within
110m decay volume



Single track backgrounds in MC

Decays producing a
single charged track

K+_}T[+T[+T[-

Required:

5
10

signal region
10"

particle identification to
distinguish " and p”

3
10

photon vetoing to suppress m

-0.05 0 0.05 0.1 0.15
Reconstructed missing mass (GeV / c?) kinematics to suppress halo




Heavy neutrino signals
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Heavy neutrino signals
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Background studies



MC simulation

CMC
Decay distributions
/ NAB2 Data
Format
Geant3
- detector geometry Data driven
rection
- particle interaction with matter corrections
*secondary particle decays Final MC
Sample

Detector response



Photon vetoing: LKr Calorimeter

Liquified noble gas
calorimeter used as an
lonisation chamber

0.03

0.02

Resolution

0.01 |

0 1 |
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Energy (GeV)
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127¢cm?3




Photon veto

Liquid krypton EM

calorimeter 10

Veto events with clusters )
(above a noise threshold) that 10
are not associated with the

muon track 3

\ * ignore N

* * Y veto event 10
muon track

----------------- IS
i within 10-40 cm

counts as
10-40Ccm ‘associated’

Effect on K+—p+vr®

without
photon veto

with photon veto

0 005 0.1 0.15
Reconstructed missing mass (GeV / c?)

35



Drift chamber spectrometer

Resolution was important in Rk measurement for p-e separation

Electron mass hypothesis

DCH1 DCH2 DCH3 DCH4
Kevlar He aluminium
window window
8 planes of sense wires: Magnet . T
X,Y.U,V px kick of 256 MeV ¢ ™|
Y 21

(in staggered pairs) 0.04 |

2
miss

M

0.02 -

0,/p = 0.48% & 0.009%p [GeV /(]

multlpIququmb spatial resolution 002
scattering 0 10 20 30 40 50 60 70

Track momentum, GeV/c




Spectrometer resolution

- Signal region lies in the far tail of the K 2 missing mass spectrum,
so far tails of momentum resolution matter

10°¢

0 0.5 0.1 0.15
Reconstructed missing mass (GeV / ¢?)

Far tails of multiple Coulomb scattering are not well simulated in
GEANT3



Using the calorimeter to study the spectrometer

Kon IS closed: all particles can be detected

'I—[+
K+ Can reconstruct entire event from

5 Y photons in LKr and kaon momentum
T1

Y

. Kinematic fit results in - with 1 degree of
freedom

- Cut at x2 < 0.16 to obtain very pure Ko,
sample, independently of spectrometer

| | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1




Kinematic distributions: data and MC

Use spectrometer to reconstruct m® mass and pr spectrum
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- Discrepancies are corrected by artificially introducing additional scattering in MC



Particle ldentification: Muon veto

Originally used to reduce trigger rates from K*—p*mv

alternating PMT
ron ana
scintillator
planes R
scintillating
LKr  HAC  MUVi MUV2 MUV3 plastic strip | £|2|g| £ £|E|£|£|2|8|2
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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)

13.6 MeV | Nrad
Ogscatter — (ZMUVn — ZLkr)
- = > pc 3

- x/2 »‘

Nrad o lLKr | ZHAC | liron X MUY
o 0 ! 0 ! 0
XLKr Xiron Xiron

0.9 GeV
e

ODCH = (1 x 107% + ) (zmuv — 2pCH)

cut on track-muon hit
distance in MUV plane

1

_ 2 2
SCUt - g\/O-DCH _|_ Uscatter _|_ idstrip—width

scale factor =4



Simulation

In my MC samples, official - Simulate muon scattering by
simulation stops at LK. hand then re-weight to match
efficiency distributions in data.
K.z data Ku2 raw MC K2 corrected MC
E 260 | 800 E60 oo EZW .
3 50; 700 % 501 0 D) 502—
+—  f 600 - -
C 4f E a0 600 C a0k - 60(
GJ 30E G) E G) 30i
E s E 30? ] 400 E . 40(
O 202 @) 202— O 20;*
E 1°§ E 10; . 200 E 10; - 2
Xmuon ~ Xtrack Xmuon - Xtrack Xmuon ~ Xtrack

effect of scattering is important
when considering m—u decay

LKr HAC MUV1i MUV2 MUVS




Muon detection efficiency

- Select a pure sample of muons, independently of MUV, with a tight kinematic selection

Then look for associated muon hits
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—fficiency measurements
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Particle identification

Muon Veto Effect on K—1mttm®

I I I I | I I I | I I I | I I I | I I I | I I

Suppress decays to pions 10

by rejecting events with no without
muon signal i muon veto ]
5 |
10 = E
Events with m™—pu* decays : with -
remain I ]
4 — muon veto
10

Muon Veto 1()3
system

0 002 004 006 008 0.1

Hadronic Reconstructed missing mass (GeV / ¢?)
Calorimeter




Seam halo

- A flux of muons, coming from beam kaon and pion
decays upstream of the decay volume.

TAX 17,18 . z 52 >
Final t

l [ FDFD collillllllztor DCH 1 a??e DCHF =T =

Defining Protecting N

collimz_l_tor collimator Cleaning : |

K “ collimator | |

: KABES 1 Decay volume | i

- ; . KABES 3 ;o 3

= I P ™
LS N _ : e SR =
Target| | \misd : : L z i Z
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: KABES 2 LE g

¥ |

3 2nd |

DFDF -

FRONT-END ACHROMAT Quadrupole ACHROMAT ) Vacuum o He tank +
1cmr Quadruplet . . Itank Spectrometer
0 50 200 250 m
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HALO simulation program

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

400 =TT -
3005 —
2005 —
P
& F
Q/ C 1 E E-
ol: i 1 simulations run on
N | I
s Ve W\ ;_ Bl Blrémngg?mt
. 4 C ue pear Gluster
sweeping 7 ..t A =
0 2000 4000 6000
magnet

One muon halo event
reconstructed for every 5
million kaons simulated

Muons which pass
through DCH1 are
highlighted in red




Qualitative agreement

- Qualitative features of the data are reproduced

Data

100007

n
3
S

D
o
o
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4000F

2000}

o
L L

2000F

vertex z positio

—4000}-
0O 10 20 30 40 50 60 70 80

P(GeV)
momentum

HALO MC

10000\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

K2 missing mass
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B Mean -0.01684
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o+ Entries
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0.1003

-0.3
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0

0

reconstructed™
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Ultimately, MC simulation is not good enough for quantitative studies

Use a data driven approach instead

S

1
(GeW/ ¢)



Data driven halo estimate

- NABZ2 ran with various combinations of Kt and K- beams

— _
> K+ and K

H absorber K+ Oﬂ|y { mys(cel:\ta

— _
H absorber K O A |y

: Iabsorber K ‘less’



Data driven halo estimate

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

——————————————————————————
I

- Any positive tracks must come from K™ decays before the absorber,
.. the beam halo (or K" =mt'rimt, a small correction from MC)

107§
10°E

10°E

- Measured shape is scaled to my
data set using the region mzmiss <0

104%

10°E

10°E

101_:_ | | | | | | | | | | 1 1 1 |||‘

Il Il Il
-0.15 -0.1 -0.05 0

Reconstructed missing mass (GeV / ¢?)




Data driven results

Test halo estimate studying regions where halo dominates

P vs Z vertex

100007 r 1800

n
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BRI 1400

D
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o
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o 1200

N
o
o
o

o
T [ r 1 [ 1 [ 1 [ 11T 1 17T

11 GeV/c <p <40 < GeV/c

el {1000

B 500

600

- 2000 cm < zvertex < 7200cm

vertex z positio

400 2000 400
350 N 200
- 2.5cm < CDA< 6.5¢cm o Bl TEe—
( enrich halo vs kaon decays ) 250 momentum %"
200
- 0 < 0.013 ( heavy neutrinos 150
are at low 0 so very high 6 is 100
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:IIII|IIII|III
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Closest distance of
approach (cm)




Data driven results

Test halo estimate studying regions where halo dominates

in this kinematic region, K2
peak is not well described

- 11 GeV/c < p <40 <GeV/c

2500

- 2000 cm < zvertex < 7200cm

2000

- 2.5cm < CDA< 6.5¢cm 500
( enrich halo vs kaon decays )

1000

- B8 < 0.013 ( heavy neutrinos
are at low 6 so very high 6 is e
irrelevant ) Nl P T T =Y

| |
-0.1 -0.05 0 0.05 0.1 0.15

0 MZmiss (GeVZ) 0.15

500
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Kinematic cuts

-+ Optimise to reject halo but preserve signal (plots show m, = 300 I\/IeV/CZ)

- Cut simultaneously in: + z coordinate of vertex  + muon momentum

<+ angle between K and p directions

+ closest distance of approach between K and p

- 400¢
1400 [— -
E 350
1200 [ -
i 300

1000 |- o5 Of
S0 200}

000 150F

Vertex Z

400[~ 100}

200 :— 503

o 'o.olozl ' 'o.o|o4' ' |0.0|06| ' 'o.olosl 0,01 Oo_ 05 1 156 2 25 3 35 4 45 5

; Angle between Closest distance of
Muon momentum (GeV / c2) muon and kaon approach (cm)




Single track backgrounds in MC

Decays producing a
single charged track

K+_}T[+T[+T[-

Required:

5
10

signal region
10"

particle identification to
distinguish " and p”

3
10

photon vetoing to suppress m

-0.05 0 0.05 0.1 0.15
Reconstructed missing mass (GeV / c?) kinematics to suppress halo




Optimised selection

4
10

Logarithmic scale
w

0 0.5 0.1 0.15
Reconstructed missing mass (GeV / ¢?)

- Kuzis the main background

Linear scale

200

350 MeV neutrino
(branching ratio=10"4)
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=Xpected sensitivity

6
105—

- Full systematics calculations in process.
Result Is expected to be statistics limited.

5
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The tfuture

- Current analysis limited by statistics and K,z background

- The beam halo is also a tricky background

- The new NAG2 detector benefits from a hermetic photon
veto and event by event kaon momentum

measurement

- A K2 sample with 10x my statistics could easily be
collected.

- NAGBZ Is well placed for a future search for heavy neutrinos



Conclusions

- The current search for heavy neutrinos at NAG62 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:

d3 ' T (= =\ _1D-X
00 = [ o 2 (@@ al @)

S=—_1T

1
2

E — QpryO .  annihilates particle
o *

w — Y0 C¢ CLJr creates particle

?70 — wT’YQ — w C a annihilates anti-particle

—1 ~ "~ .
C ’}/MC — —”}/Z aJJf anninilates particle



Chirality

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

b1 =vr



Majorana neutrinos

—Lonass = MU rve + B/_V\LVR + h.c.
—Lonass = MU Np + BNLNR + h.c.

tan20 = 2M /B
N1y =Ny, + MR = COS@(VL —/V\R) —SiH@(ﬁL — NR)

No = N12 + Nog = siné’(uL —+ /V\R) -+ COS H(NL —+ NR)

_Lmass = M1N1N1R T M2N2NoR + h.c.

nlz—ﬁ TLQZ—T/LE



KEK

- 2.54x10° muons in final spectrum

K* BEAM 550 MeV/c
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- 1.70x10'? stopped kaons
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LKr: Projective geometry

Projective tower structure converges 110m upstream

- Allows calibration using m° decay,
iIndependent of longitudinal fluctuations

start of Ks
decay volume 2

_ : 2

In normal use, this geometry
must be corrected for:

E
y:y0<1+ﬁ> zd:kz+kEln<—>
20 E()




Neutral trigger

Scintillating fibres installed inside LKr calorimeter

20 Fibres : Q o

Ribbons

1.25 mm 18.6 mm

e e R S S

Stesalit tubes @ 7mm

Fig. 23. Neutral hodoscope.



Trigger

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

- Q1X1TRKLM : additional maximum DCH multiplicity cut ( DS = 150)

Q1 / (Q1x1TRKLM)
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Kinematics opt

Imisation to remove nh

Z vertex
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Geant3 vs Geant4
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