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O 2014-2018 NA62.K*—T11TVV

o 2014 Pilot run
o 2015 Commissioning run
o Full detector installation completed
in September 2016
o First rvy dataset in 2016 (This talk)
o Confinuous data-taking until the
end of 2018
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Ultfra-rare kaon decays

K — nvv . theoretically pure and experimentally unexplored

O Hadronic matrix element obtained
from BR(K.3) via
isospin rotation

O Hard GIM suppression

o Loop functions favor top quark
contribution

Very sensitive probes for new physics:
O They are highly suppressed

O They are predicted with very high
accuracy

Branching Ratio (x 10')
Theory (SM) Experiment

_ +11.
Kt ->ntvw | 84 10 [1] 17.3 _1055 2]

Decay

Theoretical error budget [1]
B(KT — nvr)

0P

K; -» vy 3.4 0.6 [1]| <2600 (90%CL) [3]

29 % PP(X)

[1] Buras, A.J., Buttazzo, D., Girrbach-Noe, J. et al.

X J. High Energ. Phys. 2015: 33 (2015)
o other

| Ves|

[2] A. V. Artamonov et al. (E949 Collaboration @ BNL)
Phys. Rev. D 79, 092004 (2009)

[3] J.K.Ahn et al. (E391a Collaboration @ KEK)
Phys. Rev. D 81, 072004 (2010)
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K — mvv beyond the Standard Model ~

O Custodial Randall-Sundrum [Blanke, Buras, Duling, Gemmler, Gori, JHEP 0903 (2009) 108]
(m] SASA,S]M analyses [Blazek, Matak, Int.J.Mod.Phys. A29 (2014) no.27],[Isidori et al. JHEP 0608 (2006)
6

O Simplified Z, Z' models [Buras, Buttazzo Knegjens, JHEP11(2015)166]

O Littlest Higgs with T-parity [Blanke, Buras, Recksiegel, Eur.Phys.J. C76 (2016) 182]

O LFU violation models [Isidori et al., Eur. Phys. J. C (2017) 77: 618]

O Constraints from existing measurements (correlations model dependent)

o Kaon mixing, CKM elements, K, B rare meson decays, NP limits from direct
searches
Z'(5 TeV) in Constrained MFV Randall Sundrum LFU violation
mEm {AMp, AMp} @20

- 1 b— sptp” @20 (1503.06199) | |
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- BR(K* — ntww) [1071]
10! x BR(K* — «tvi)
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Analysis principles: in-flight decay

O Large missing momentum
Kinematic Signature )
Require:

ot P.=15-35GeV/c
Pe=75GeV _

Consequence for the background S

- ST } Neutrinos
+-0 A carry 2 40 GeV/c
K_”mg P, = 75 GeV/c /
A %\Aq,'\:\” High Energy

O Cuts on the missing mass

5 “’EE 02— K —r*nl(y)
F|Sé0.1sf—
2 _ 2 -
Mpiss = (Px — Bp) 016"
0.14—
defines 2 regions N
O Kinematical rejectionis ~104  °*F g
0.06— >
. . . E_ o Region Il
O Furtherrejection relies on PID  ** | Koy,
0.02— YV (x1gt
and vetoes Df.i...l...hh..'...’... K o

0.04 -0.02 0 002 004 006 008 01 012
mZ,.. [GeVZic*]
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K — mvv: signal and background -

Signal: BRg,, ~ 8 x 10711 Decay backgrounds

Signature: Mode BR
O Kirackin wv(y) 63.5%
O = frack out n*no(y) 20.7%
O No other particles in final state T 5 6%
O M = (px — pr)® Oty 519%
Keystones of the analysis: moutv 3.3%
o Timing between sub-detectors ~ O(100 ps) T ety 4.1 x 107
o Kinematic suppression ~0(10%) nonlety 2.2 x 107
O Muon suppression > 107 Tt utv 1.4 x 10°
o =suppression (from K*—z*a® ) > 107 e*v(y) 1.5 % 105
jonaland backround confeliegions e | Other backgrounds
Beam-gas interactions
Upstream interactions

o
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400 GeV/c Protons on Target/s 102 per spill
75 GeV/c Hadrons/s 750 x 106
Beam composition p70% 124% K 6%
K" rate (particle/s) 45x 10¢
K* decays/s 4.5x10¢
Burst time profile 2014 data

g
|||‘\||‘|\I‘HI‘IH‘H\

| L L L L | L L L L | L L L L | L L L ! | L ! L !
1 2 3 4 5 6

O NA62 uses SPS 400 GeV/c proton beam
O Proton beam interacts with a Beryllium target
O Among the interaction products, 75 GeV/c K* are selected
O 750 MHz particle rate at GTK3
_O 60 m long fiducial region with ~ 5 MHz K+ decay in Vacuum ~10-¢ mbar

Time [s]

Q ;
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A62 experimental principles

"0

100 mI Fiducial decay region 160 mI

High resolution missing mass reconstruction

o Precise measurement of p, and p,

Minimize multiple scattering

Hermetic veto for n° rejection

Upstream K* identification in hadron beam
Downstream =/p/e separation

u veto for Ku2 rejection

Sub ns time resolution

Francesco Gonnella - University of Birmingham 5 July 2018 8



Incoming kaon ID: KTAG

|

e Nz e

"0

100 mI Fiducial decay region 160 mI

O The KTAG is an upgraded CERN
CEDAR West

Blind to particles other than kaon
thanks to a diaphragm

Extended external optics to
reduce rate per single channel

o High kaon rate (~45MHz)
New photo-detectors + readout

Very good timing ~100 ps to
match with downstream decay

255 m

Francesco Gonnella - University of Birmingham

5 July 2018
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Incoming particle momentum: GTK

| | | |
! 0 100 mI Fiducial decay region 160 mI [ 255 m |

s o L IR

~
w
e N R 1 e A T {2 R T

HSER N

IO
ALO

O 3 stations of Silicon pixel detectors

O Operating in the evacuated beam pipe inside an achromat o — !*;.‘:2
O Overall Rate 750 MHz, in the beam centre 140 kHz/pixel o ‘
132m 9.6m O 008
T o 1
L Q
n P|Xe| SIZGI i N 0 20 40 %0 wox{g?xecho »
o 300 x 300 m?2 or 300 x 400 pm? I £ % .

o 18'000 pixels/ station, 54’000 pixels in total i p im

O Time : o =200ps per station 0 00 % 10 3 14 16 0
O Direction: 04y 4, = 0.016mrad, Momentum: AP/P < 0.4% 7B Sa— l
O CHANTIlis placed just after GTK3 to veto inelastic scattering W T

U

00 20 0 60 80 100 120 140 160 180 200
é x [Pixel]
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- —

O Straw tube dimensions:

100 mI Fiducial decay region 160 mI Maanet [ 255 m |

17 2 MM 2 e e EEREE e

4 straw chambers in vacuum and

a dipole magnet
Each chamber measuring 4 |||

coordinates (views)

High accuracy: 130 um/view

Total 7168 Straws (4x4x4x112)

Q ;
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Final state particle ID: the RICH

0 100 mI Fiducial decay region 160 mI 255 m
S e 723 |1 72| sy e R [ Il =2p e ah Ber D)
O Length~17m;
Mirror mosaic
O O =upto4m PMT flanges -
O Filled with Neon at 1 atm
O 2 flanges with 1000 PMTs

U

each

~70 ps fime resolution

Used in Level-0 trigger as reference /
detector |




Photon vetos: LAVs and SAVs

0 100 mI Fiducial decay region 160 mI LAV 9-11 LAV12 IRC 255 m
LAV 1-5 LAV 6-8

= -1 |z} A+

IRC Intermediate Ring Calorimeter

SN . -
= 13

LAV: 8.5 - 50 mrad

O 12 stations along the
vacuum tank, each station:

o 4-5layers
o 160 -256lead glass blocks

SAC Small Angle Calorimeter

O LAVI12isin Level-0 trigger

O IRC and SAC cover very
small angle <1 mrad

& ;
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Liquid Krypton Calorimeter

0 100 mI Fiducial decay region 160 mI [ 255 m !

@ ———] Hﬂ‘ %H.E-_-_-_-:-_-_—:-_'_'_'___________-- N D e I

O NAA48 LKr calorimeter
performance:

o Time resolution: ~500 ps
o Spatial resolution: T mm

O Readout
o 14 bit FADC, 40 Ms, 32 ch / module
o 432 modules, 28 VME crates

O Photon veto coverage 1+8.5 mrad

O LKrisin Level-0 trigger

) ’ i
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Chod and muon-veto system g

| | | |
! 0 100 mI Fiducial decay region 160 mI MUVO \AH Old CHOD iron 255 m |

lalmt

e —F———- H~|}%H_EI-_-_-_-_:-_:_':_'_'_'—_'::_-_'_-:-_-_-:-_-_-_-__ ._._-___ S _:-__- E - - = ‘@“?‘ﬂ_
HASC

O NA48 “old” CHOD CHOD MUV1,2 MUV3

o Plastic scintillator hodoscope O MUV1/MUV2
o ~1nstime resolution o Hadronic calorimeters
o Usedin Level-0 trigger as control o Readout with LKr electronics
o Can be used as hadron frigger
O CHOD 99
o Plastic tile scintillator 0 MUV3

o ~200 ps time resolution o Placed after an iron wall

o Usedinlelvel-0figger o Requires very fast detector: fime resolution

O MUVO and HASC or=0.5ns

o Hermeticity for = and u o Usedin Level-0 trigger: reduction factor >10

o Rate: 10 MHz muon

5 ,l’ d
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Trigger and data acquisition
—

Calorimeters
readout

N

GTK readout

(simplified) J '{>th
specirometer L — l - —
readout . H
L]

=)
-9 a
All other subsystem - .l

-H L i =
readout: GEBTanma0

LAVs, RICH, | ~ /

CHOD, F
MUV3, efc... ;E/ .

O Acquisition boards store data in local buffers .
. a Trigger Rate
O A subset of detectors continuously send primitives to LOTP Primitives 10 MHz
o  LO frigger is generated with a maximum latency of 1 ms LO (FPGA) 1MHz

O All detectors except Calorimeters and GTK respond to LO

L1 (software) 100KHz

o Theysend data to PC-Farm

O GITK and Calorimeters send data after L1 request

o L1 Algorithms are run, if positive verdict data is stored

5 é d
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Analysis Steps (2016 data sample)

O Kaon decay selection
O Determination of the single-event sensitivity
O Estimation and validation of the expected background

O Un-blinding of the signal regions and results

sQ d
v Francesco Gonnella - University of Birmingham | SJuly2018 | 17



Kaon decay selection

O Selection criteria

K* decay events in the fiducial decay region

o T
s 0
8 L
=, 0.1—
(ég : 4m2"+
0.05—
m2"o —=> __________________________________________________________
0_ ________________________________
- K*—pu'*v
-0.05—
o L LR e Eob L
b 10 20 30 40 50 60 70 80 90 100

P [GeV/c]

O Selected K* decays, before:

o 1t identification
o Photon/multi-track rejection

10*

10°

10

10

1

o Single track decay
topology
o 1t identification

o Photon rejection
o Multi-track rejection

Performance

O e,+ =1-107°(64% r efficiency)

O e0=3" 10~8
O o(mi;) =1-10"3GeV/c*
O

or ~ 0(100 ps)

Francesco Gonnella - University of Birmingham | S5July2018 | 18
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Signal region definition

O Three ways to compute the m?2
o m2..(STRAW, GTK)

2
K*—mr*mo deCClYS y # Data Control Sample g m miss (RlCH/ GTK)
Minimum bias I:l MC Control Sample = mzmiss (STRAW, BeOm)

miss

O Protects against mis-reconstruction

O Kinematic suppression

dN/(0.00065 GeV/c?
=

[a—
]
[#3]

L1 R R AL/ A AR RLLL B B R RL/ I R RALIL BRI R

o Measured using data
o Samples of K, and K,
2
10 o Selected using calorimeters
10 O Fraction of events in signal regions
o Kt-ntn®~1-1073
1

o K*-utv,~3-107*
—-0.04 -0.02 0 0.02 0.04 0.06 0.08
m2,  [GeV?/c’]

‘ o A Francesco Gonnella - University of Birmingham | S5July2018 | 19



Single Event Sensitivity (SES)

— 0.12
0.1
0.08

[GeV¥/c?

I:l K' —» n*vwMC

2 0.06
0.04

R2

2
mm

3%

0.02

0 R1 |

—-0.02
—-0.04
—-0.06
—-0.08

A

Source

e
ER-

SSES [10710]

O Signal acceptance : 4 %

| | |
25 30 35
7F momentum [GeV/c]

O Normalization acceptance: 10 %

O Control triggered K*—mm*m® used for normalization

Random Veto 0.09
Number of K 0.05
Trigger efficiency 0.04
Definition of m*n® 0.10
region

Momentum spectrum 0.01
Simulation of r* 0.03
interactions

Extra activity 0.02
GTK pileup simulation 0.02
Total 0.24

O Number of kaon decays in the fiducial volume : Ny = 1.21(2) x 10"

SES = (3.15 £ 0.01,, + 0.244,,) - 10710

‘ o A Francesco Gonnella - University of Birmingham | 5July 2018 | 20



0.1-

0.08
0.07—
0.06
0.05-
0.04
0.03~
0.02

E —s— K' — 1'n%y) bg (data driven)
0.09— —— SMK* - 17 (MC)

L

0.01— |

0*||

‘ \‘\ | || \‘ \‘ I 1
16 18 20 22 24 26 28 30 32 34

7" momentum [GeV/c]

O Data-driven background estimation

O Validation for k211: 1 event observed (1.5 expected)

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

o N9 =0.064 4 0.0074 + 0.0064,,

nn(y) —

O Validation for ku2: 2 event observed (1.1 expected)

o NY9 o =0.020 + 0.0034.4 + 0.0034,,

uv(y)

—— K* — pu'v,(y) bg (data driven)
—s— SMK* — ntvww (MC)

I
:

|||!|ww1=w 1\ |-| | ‘\\\‘\\\‘\
20 22 24 26 28 30 32 XM

nt momentum [GeV/c]

; Q ;
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0.12

o 012 10

,:;3 0.1-— Validation \

3 0.08 sample expected observed

K 0.06;— .| 1 15.5(4) 8
0.04 . 2 4.0(4) 2
0.02— ]

0 - 3 3.2(2) 3
—0.02— 107! 4 0.7(1) 1
~0.04 5 1.2(1) 5
~0.06
_0.08__1 L [ [T N

1 1 1 ‘ | 1 1 ‘ | 1
15 20 25 30 35
7t momentum [GeV/c]

O Background estimated with 400 million MC generated
Kt - n*tn~e*v, decays

O Good agreement across the 5 validation samples
b
o N =0.01853:01%scac + 0.009,y

o
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Upstream background =
™
orher docey Collimator FD mF (with fake ve:rex) .
products T 11
___________________________________________________________________ .
: : — 800 x10°
O Accidental particles from £ -
the beam line E600C | acrromar 14
O Pions from interactions with 5 - N 12
_ S 400 :
GTK material £ . I .
O Against this background & © Acc_epmri‘j Eg‘ _Colimator| |
o K- matching E 0 _ ( | ®
o Geometrical cuts = 500 ﬂf — 6
o 7 vertex E
o CHANT —400 - 4
O Data driven estimation: —600 - 2
Lo b b bo v b b b by
Nlepgstream = 0.50%3:030 crat 500500 600 400200 0 200 400 600 800
é ; X o (cOllimator) [mm]

A Francesco Gonnella - University of Birmingham | 5July 2018 | 23



Background summary

Process Expected events in Region1 + Region2

K* - tvv (SM) 0.267 + 0.001, + 0.029;),,, + 0.032,,,
K* - () IB 0.064 + 0.007 ¢4 £ 0.0064,4;
Kt > uﬂ,ﬂ(y) IB 0.020 + 0.0035¢4: £ 0.003,,4;
Kt > ntnety, 0.018%0:077|star T 0.0095y;
K+ = ot 0.002 + 0.001 444 £ 0.0024,,4;
Upstream background 0.050%03:030 | stat
Total background 0.15 + 0.094; £ 0.01y,

54 é d
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Results on 2016 data sample

0.12
0.1
0.08
N g 0.06
£ 0.04
0.02

0
—-0.02
—-0.04
—-0.06
—-0.08

[GeVch

| [K* - mvwMC

%
% . "; 3:- . —4-data
% AQutsyYoe e ™ tee s ¢ e . el e .
| ==~ _———=u
% - P e X “tt";':’“'w
% | | | |
15 20 25 30 35
7t momentum [GeV/c]

One event observed

e
ER-

54 é d
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RICH ring for the event

150

100

50

-100

-150

|I|||||I||||||l|_l_||_|<fllll|||||||||I||||
&

—200

—II|IIII|IIII|I;‘;-I—_l-‘l--l__l-‘l_]_-l_;‘II|IIII|IIII|I

-300 -250 -200 -150 -100 -50 0 50
Mom 15.3, Mirror 24 ( 258.8), Frac M 1.000 0.000, PMT 1.000 0.000
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Results and prospects on K* - rtvi ~

O One event observed in Region 2

O Preliminary BR:
o BR(K* - mwtvvy) < 11 x 1071°@90% CL
o BR(K* - mtvv) < 14 x 1071°@959% CL

O These results are compatible with the Standard Model
0 BR(K' -» ntvv)gy = (0.84+0.10) x 10710

O For comparison: BR(K* —» ntvv) = 2.873% x 1071°@ 68% CL
O State of the art: BR(K* - ntvv) = 1.7311:32 x 10710 (BNL E949/E787)

O Processing of 2017 data is ongoing
0 Expected reduction of upstream background
o Improvements of the reconstruction efficiency under study

O 2018 data taking in progress
o 218 days including stops
o Ongoing studies to improve the signal acceptance

I:I ~20 SM events expected from 2017+2018 data samples before LS2

d
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Exotics searches at NA42

O With the discovery of the Higgs boson, all the building blocks of the SM have been found

No evidence for New Physics (NP) af LHC

However, SM does not explain:

o Dark Matter, Dark Energy

o Baryon asymmetry

o Neutrino masses and oscillations

O New Physics could be in the MeV - GeV
range

O Light dark matter with light mediators,
weakly coupled to SM (hidden/dark)

O NAG62is particularly suitable for NP searches:
High-intensity beam

Trigger system flexibility

High-frequency tracking of beam particles
Redundant PID

Ultra high-efficiency photon vetoes

\\\\\\\\\\\\\\

W

\
W

i
W

O New Physics analyses at NA62:

o Heavy neutral leptons (HNLs) &/
Axion-like particles (ALPs) (ﬁg{,ﬁ_

o
o Invisible vector bosons (dark photons)
o Lepton number/flavour violation (LNV, LFV)

sQ d
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Heavy neutral leptons at NA62 (1/2)

O Neutrino Minimal SM:
3 additional right-handed
Majorana HNLS [arxiv:0705.1729v2 (2007)]

o N, mass ~10 keV/c?, DM candidate
o N,z;mass ~1 GeV/c

O HNL production
searches in Kt — I*N

o Published [PLB778, 137-145 (2018)]
with 5 days of data
taking in 2015 at 1% intensity

o GIK was not fully operational

O HNL signal regions:
O .030<m?%,.<.200 GeV?/c* K*—e*N
O .063<m?...<.140 GeV?/c* K*—>pu*N

O BR(K* — I*N) depends on:

500 |

400

300

200

100

e
Tm‘:
K*—e*N
—e— Data
...... [ K>ty
nt—e'v

] K'-ptv (w'oe'vy)
............................ | [ K=V (no 1 decay) |

[ IK>e'v()

0 0.05 0.1 0.15 0.2
m2.. [GeV?/c?]

O BRg(K* — I*v), HNL-lepton coupling U? kinematic factor

Peak searches in squared missing mass spectrum: m? . = (P - P,)?

]
5 é d
iy P Francesco Gonnella - University of Birmingham | 5July 2018 | 29



Heavy neutral leptons at NA62 (2/2)

: -5
O For each HNL mass hypothesis, 4 107 KEK (1959 NAG22007
no signal observed 32 - K'SuN, K'—eN (2017)
o K'—u"N
()]
O Resultsimprove existing limits - & .\~ N\ fi [ @
on HNL production searches 5% = £ \TRIUMF (1992)
z - nt—e*N
O New upper limits: ; -

o myin (170, 448) MeV/c2: 107
o |U% | in (1077, 107¢

This result
K'—u*N, K'—e'N

O myin (250, 373) MeV/c? 10°®
O |U2U| in (1077, 107¢)

E949 (2015)

PIENU (2017) K' SN

nt—e™N

-9 II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
10 50 100 150 200 250 300 350 400 450

O Opportunity to further improve by HNL mass [MeV/c?]
analysing 2016-2018 data sample [Phys. Lett. B 778, 137-145 (2018)]

o Canreach a sensitivity better than 108 for both channels

sQ d
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Search for dark photons at NA62 (1/2) -~

O Peak searches in squared Searches for DP invisible decay:

. ; . K* — 1m0
m;ssmgg Mass spec r;Jm. 0 S A’y
M?iss = (Pe = P = Py) A’ — invisible
2
O Peak expected at m#,. Ky TTHA
O Main background from A" — Invisible
% —vyy with lost photon -
O Dato-driven background  « [ |
estimation i
O No signal observed in 2016 [ (22 \ /
partial data sample 10°[8 ]
(ongoing analysis) -
o New upper limits at 90% CL i —
[ NAG62 preliminary
104 Aol duddd T S W W |

10° 102 10 1

10
m,, (GeV)
5 d
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Search for dark photons at NA62 (2/2)

O DP produced in proton beam
interactions with target
(Bremsstrahlung and meson
decays)

Zero-background hypothesis
and 10'8 Protons On Target (POT)
expected to evaluate NA62
sensitivity to DP visible decays

Expected better sensitfivity
including TAX and QCD
productions (only target
production considered for now)

3 - 107 POT collected in
2016/2017 with di-muon trigger
and 5 - 10'¢ POT with di-electron
trigger

10—14 :
10_17 4

10—20 1

Searches for DP visible decay:
PN — Xt1°
0 5 A'y
A — [*I
PN — XA’
A — *

|| = Excluded regions
Belle I, 50 ab ', 202
= = LHCb, 15 b " 2023

= HPS, 2016-2020 |
..... APEX, 2018+
SeaQuest, 2017-201 SN
VEPP, proposed
----- Mu3e, 2017+
===mi MESA, 2020+
SHiP, 2026++
M L 2 a
2
1 10 10° 10° 104
m(A') (MeV/c?)

Francesco Gonnella - University of Birmingham

5July 2018 | 32



Axion-like particle searches at NA42

O Candidate for cold dark matter

O Decay searches for A —yyinthe .
MeV-GeV mass range

O Produced via elastic scattering 0
of beam proton with high-Z .
material (Primakoff effect) 0

O Proton beam dumped onto g 10°
NA62 Cu collimators (TAXes) &

1076

O ALP produced with low
transverse momentum — good 10”7’
acceptance coverage for
detector far from production 10 1o
point s [GeV]

O Ongoing analysis of 2017 data taken in beam-dump mode
(closed TAXes) with 5+ 101> POT

O Zero-background hypothesis fo evaluate NA62 sensifivity fo A — yy

5 QE
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Conclusions -~

OK" > atvy
o The new decay-in-flight fechnique to study K* — w*vv works
One event observed in 2016 data sample
BR(K* » n*tvv) < 14 x 1071°@95% CL
~20 events expected from 2017+2018 data sample

O Searches for exotic particles
o 2018 data taking ongoing
O Heavy neutral leptons
o new limitsin (| Ug|2 myy) and (U, ]2 mya)
o 2016-2018 data analysis ongoing
o Dark photon
o New limitsin (€, my,) using 4% of 2016 sample
o Waiting for new results with 2016-2018 data samples
o Fully operational GTK: ~3 times better m_ ;. resolufion
O Axion-like particles: analysis ongoing

5 ,l’ d
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