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The NA62 experiment and detector
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The NA62 Experiment
leed target Kaon experlment at CERN SPS

e | NA62 Approval

s009- | ® Detector R&D and Installation
2014

¢ Pilot Run
2014

e Commissioning run
2015

2016- | ® Physics runs

: ; 2018
—
S 2071- | ® Future runs
2023

~ 200 participants: Birmingham, Bratislava, Bristol, Bucharest,
CERN, Dubna, GMU-Fairfax, Ferrara, Firenze, Frascati, Glasgow,
Lancaster, Liverpool, Louvain-La-Neuve, Mainz, Moscow, Napoli,
Perugia, Pisa, Prague, Protvino, Roma I, Roma IlI, San Luis Potosi,
Sofia, Torino, TRIUMF, Vancouver UBC
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> Main goal is BR(K™ - ttvv)
> Fixed target
> In-flight decay technique
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NA62 Beam & Detector
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d SPS Beam:
» 400 GeV/c protons
> 2 x 102 protons/spill

» 3.5s spill

(d Secondary positive beam
75 GeV/c momentum, 1% bite
100 urad divergence (RMS)

60 X 30 mm? transverse size

K*(6%)/n*(70%)/p(24%)

YV V VY V VY

(1 Decay region

» 60 m long fiducial region
> ~5MHz K" decay rate

> Vacuum ~0(107%) mbar

33 x 10! ppp on T10 (750 MHz at GTK3)
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K* - vV results
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The Kt - «r*

vV Process

s

i L i I

1 Highly suppressed:

» FCNC process forbidden at tree level

» CKM suppression
(s = d coupling, BR~|V sV ¢4|?)

d Theoretically clean:

> Dominant short-distance contribution
> Hadronic matrix element extracted
from BR(K* - le™v)

» Theoretical error budget dominated by
CKM parameters

[Vl

BIK" — w'lvir)

d Many BSM models

L predict deviations

8 %
9.9 %

P:."’”(XJ

A

other

d Previous exp. determination:

BR(K* - mtvv)
E787/E949 at BNL

11.5

(17.61102

) x 10711

[Buras et al., JHEP1511 (2015) 033] k

(] SM Predictions:

BR(K* - mtvv)

|

(8.4 + 1.0) x 10~11

cbl

39 % 0. -1
(8.39 % 0.30) x 10 [407“0




K* - vy Analysis

 Selection criteria
»  Single track topology
> 77 identification
»  Photon rejection
»  Multi-track rejection

O Performances
> g+ =1-107° (64% m* efficiency)
> £0=3-10"8
> o(mi;) =1-1073GeV?Z/c*
> o~ 0(100 ps)

d Signal region
» 15 < P_+ <35GeV/c
> m2,. = (Px — P,)%in 3 ways:
> m2 s (STRAW, GTK)
> m2 ;s (RICH, GTK)
> m2 .. .(STRAW, beam)

m,; mass hypothesis
3n

+_1
ey
Lo |
>
o 0.1
S,

o T, T

—-0.05

0.1 EELS
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7t momentum [GeV/c]

O Signal acceptance: 4%

O Normalization K™ - 77 #°

»  Number of kaon decays in the FV:
N = 1.21(4) x 101

0 Single event sensitivity
> SES = (315 + 001y + 024g) - 1071




K* - w*vv Background Summary

Q K* - n*n®(y) (Data driven)

>

v

Control region: 1 observed

Process
K* -» ttvv (SM)

1.46 £ 0.164¢5¢ £ 0.064ys; expected

K* - p*v,(y) (Data driven)

Control region: 2 observed

Expected events (

0.267 + 0-001stat
i0.0ZOsyst T 0-032ext

Total Background

0.152+$8% | L 00136

1.02 £ 0.164¢a + 0.315y5¢ expected i =z 0064 £ 0.0075tat £ 0.0065yst
Q Kt - matmetv, (M) Kt - utv(y) 0.020 £ 0.0035¢ £ 0.0065
> 600M MC decays Kt >ntntn~ 0.002 + 0.001 . + 0.002y
» Good agreement across Kt > na*tn~etv 0.013%3817| 4 0.0094y¢
5 validation samples N - - = 0001 stat
O Upstream background KT —mtv(E=pwe) '
(accidental and interactions) K* - mtyy < 0.002
Upstream background 0.050*0:099
» Data driven =
» Geometrical and Kaon-pion matching cuts effective
» Addition of a copper block in the beam line in 2017
» Installation of a new final collimator in 2018
Nicolas Lurkin, Meson 2018, 08-06-2018 10




K* - vy Results

. Data
1K' — 1w MC
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K* - vy 2017 update

O Higher beam intensity

>
>

>

Y

5 0.02F
O 2016-like selection 3*; 0.1
Comparable performances 6 0.08 -
Better pileup treatment . i
in IRC/SpAC i ~E0-06¢
Improved LKr reconstruction 0.04 -
40% better ° rejection 0.02
(does not depend on intensity) =
Slightly improved usage of _0.021
RICH variables -
No effect from intensity on —-0.04 :':—/
1 efficiency and u rejection. —0.06 -

20 25 30 35 40

7t Momentum [GeV/c]

d Expectations

>

Ny = 1.3(1) X 1012 (~ 10 x 2016) from £+ 7°

> SES = (0.34 + 0.04) x 10719 (scales linearly with intensity)

>

Expected SM K+ - mtvv events: 2.5 + 0.4

e ===

= —




K* - vy 2017 update

(d Background studies ongoing, including possible intensity related

effects

Vie
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—0.02
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Process Expected events

K* > ntn0(y)  0.35 % 0.02 + 0.034y4

Kt > I["v(y) 0.16 £ 0.015¢5¢ + 0.054ys¢
Kt s> natntn™ 0.015 £ 0.008¢5¢ £ 0.0154y;

KT s> mtm ety 0.22 4 0.0844¢

KT - 10¢ty 0.012 £ 0.012y;
(£ =mwe)
Kt > atyy 0.005 £ 0.0054y;

Upstream Bckg.  Ongoing

Detailed comparison of data and
background models
»  Shape depends on pion momentum

»  Background distributions normalised
separately to background regions. Signal
normalised to expected SM events .
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K* - vy Summary

(d One event observed in Region 2 in 2016

d The result is compatible with the Standard Model
» BR(K' - m*vw) <14 x 10710 @ 95% CL
» Published in [Phys. Lett. B 791 (2019) 156-166]

d Decay in flight technique is working!

J Analysis of 2017 data is ongoing.
» Analysis largely similar to 2016
» Expect about a factor 10 of improvement (from statistics)
» Signal-over-background ratio do not degrade with intensity

Nicolas Lurkin, Meson 2018, 08-06-2018

14




LNV results
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LNV processes K™ —» w7 ¢*

d Violation of lepton number
predicted by some BSM models
(e.g. Majorana Neutrino)

(d Previous exp. results (@90% cL):

>BNL ES65: | [PRL85 2877 (2000)]
B(KT > etet) < 6.4-10719
>»NA48/2: [Phys. Lett. B769 67 (2017)]
B(K* »n-utut) <8610

J NAG62 search:

»  Subset of 2017 data: ~3 months of data taking

Blind analysis procedure

YV V VY

+ data-driven approach

Normalization from equivalent SM channels

Main source of background from *
mis-identification and =™ decays in flight

» Special MC with enriched decay in flight

T - et mis-id probability

—_
o

LKr: 0.9<E/p<1.1 (for 1)
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o
35

=
HEID

RICH likelihood (for n*)

y of
" "RICHthreshold /1 |
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Searchfor K* - m™e*e®

O Upper limit at 90% CL using CLs treatment Process Expected in Sig. Region

» Signal acceptance: 4.98% K+ - etyete- 0.12 + 0.02
> Ny = (2.14 4+ 0.07) x 1011 _
> SES = (0.94 + 0.03) x 1010 Ko lerevlmery 00

_ _ Total 0.16 £ 0.03
» B(Kt > m etet) <2.2x 10710
SM channel (Kt » tTete™) m,, > 140 Mev/c?) LNV channel (Kt - n~ete™)
2484 SM candidates No events observed
T-:gma__ —— Data NA62 © NA62
+  E |dK-nn*n > 1L
E L | K '=rtn ety E E
= [ |dK'—e've'e Tt
2 +* * *, L
.&.:‘“10 g -K+4[%%1i]mnev .&.:'* i
© [ |[_]K'—=r'e'e o
w T w5
i 107"
10 -
'F 1025
10" I
F ol | —3
300 350 400 450 500 550 10 250 300 350 400 450 500 550
m(m*e*e’) [MeV/c?] m(x e*e*) [MeV/c?]
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O Upper limit at 90% CL using CLs treatment

» Signal acceptance: 9.81%

> Ny = (7.94 +0.23) x 101

> SES = (1.23+0.03) x 10~11

> B(K*" > n utu*) < 4.2 x 1011

Expected in Sig. Region
0.70 £ 0.40
0.06 + 0.05 (), 0.07 + 0.05 (e)

Kt > mtutu 0.08 + 0.02
Kt - utvutu~ 0.01
Total 0.91+0.41

SM channel (KT - tutu™)
8357 SM candidates

NA62

10°

1 MeV/c?)

107

2
107380 400 420 440 460 480 500 520
m(zup) [MeV/c?)

LNV channel (K* » m~u*u*)
1 event observed

S FNAB62 ~8- Data
:31 05 = K —=n'tn
s E I K sty
o'l I K srnety
w E K saprp
£ F K opevpy” (x10)
Q43 -
=107 P
10°
105
1 g
107

—2 L
107380 400 420 440 460 480 500 520
m(r ) [MeV/c?]
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LNV Summary
A Improved world limit for K* > m"ete" and K™ > m~u*u*
decays in subset of 2017 data

» Very low background (<1) searches in both cases
> B(Kt ->mn etet) <2.2x10719 (previously 6.4 x 1071V E865)
> B(Kt->rmutut) <4.2x 1071 (previously 8.6 x 10711 NA48/2)

Nicolas Lurkin, Alps 2019, 26-04-2019 19



Dark photon searches

Nicolas Lurkin, Alps 2019, 26-04-2019

20



Hidden sector

d From cosmological observations, there must be a dark sector

» Not observed so far = interacting with SM only through a gauge-
mediator

» Different possibilities: neutrino (HNL), axial (ALP), scalar, vector.

[Phys. Lett. B166 (1986) 196]

(1 Dark photon A’ | (pro 80, 095024 (2009)]
» Simplest model with one extra U(1) gauge symmetry
» Kinetic mixing between QED and new U(1)

£
_ QED ~uv
Lmix = _EFHV Fdark
> Usen’ — yA’ transition v Y
o a\3
B -y A -
(m2y )=2€2 1——‘24, y
B(m%-vyy) m: o

Nicolas Lurkin, Alps 2019, 26-04-2019 21




Analysis principle

O Select sample of tagged t° from Kt — ™ ° decays, with
exactly one y detected

2
Q Peak search inthe m2 ;. = (PK — P — Py) distribution

> Sliding mZ ;. window of width ilamrzniss to count ng;, for each my;

hypothesis.
> Use KT - 7719 as normalization

m2 ;s distribution for Data and simulated signal

Data, n%—yy

MC, ®—yA’, M ,. = 60MeV/c?
MC, m®—yA’, M ,. = 90MeV/c?
MC, m0—yA’, M. = 120MeV/c?

10*

10°°

107

Events per tagged 7% (4 x 10 GeV?/c?)

10—7 I 1 L 1 L I L 1 L 1 I 1 L 1 L L L 1 L I b 'l L L I
—-0.005 0 0.005 0.01 0.015 0.02

M2 [GeV?/c]
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Background evaluation

d Most abundant background from 7

detected

(d Data-driven approach

>
sample)

>

O — yy with one y not

Select sample with one y converting into e*e™ upstream (bckg

Scale the bckg sample to the signal sample in a side-band not

overlapping with the search region

Events / (5x10° GeV?/¢c?)

Side band: 5-107° < m2,. < 75- 107> GeV/c*

- N W A O

OOE_ — Signal search sample
00 %: —|— Background sample
00 ?
00—
00-
2 ? ‘ I : ‘ ‘ - |
2= . . | | ‘ |
. . 0.6 .

o
-
o
N
o
w
o
E~Y

0.5 0.7

M2, [GeVZct x 10%]

miss

Search region: 75 - 107> < mZ . < 1765 - 1075 GeV/c*

— Signal search sample

—|— Background sample

2

[=2]
o

40
20

Events / (5x10° GeVZc?)

10
M2 __[GeV¥c* x 10%]

miss
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Dark photon result

d CLs statistical treatment on a subset of the 2016 data sample
(~1% of the total 2016-2018 data sample)

O No statistically significant excess is detected

» Upper limits at 90% CL compatible with fluctuations from the background-
only hypothesis

> Improvement on previous limits over the mass range 60 — 110 MeV/c?

[arXiv:1903.0876]

Limits on dark photon Dark photon limits summary
3
NLU 10 E NLIJ
- 26 band expected UL@90%CL
1041 [ 16 band expected UL@90%CL 10°
E | e Expected UL@90%CL
B Observed UL@90%CL
10°° = 10°°
106
B 107
10—7 L L L I L L L 1 L 1 L 1 | 1 1 1 | L L L L " | L L L | " L " | L L ! | L 1 1 1 L L ! |
20 40 60 80 100 120 14 40 60 80 100 120 140
M,. [MeV/c?] M . [MeVic?]
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Conclusions
One K™ - vV event observed in Region 2 in 2016
> BR(K't - mtvi) < 14 x 10710 @ 95% CL
» Published in [Phys. Lett. B 791 (2019) 156-166]
Analysis of 2017 data is ongoing.

» Expect about a factor 10 of improvement (from statistics)

Searches for LNV processes

> B(K* >metet)<22x1071°
> B(Kt->nmutut)<42x107
Dark photon searches

» No statistically significant excess is detected

» Upper limits at 90% CL compatible with fluctuations from the background-
only hypothesis

> Improvement on previous limits over the mass range 60 — 110 MeV/c?

Huge amount of data still to analyse. Stay tuned for more results!!!
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Backup

Nicolas Lurkin, Alps 2019, 26-04-2019

26



K* — vV in New Physics Scenarios

» Custodial Randall-Sundrum » Littlest Higgs with T-parity

[T g

» MSSM analyses| 1 o608 (2006) 064] [EurPhys... 77 (2017) no:3 615] |

[Int.J.Mod.Phys A29 (2014) no.27, 1450162] I

> Si

mplified Z, 2’ models
[JHEP 1511 (2015) 166] |

(J Combine measurement of with other channels
> Strong constraints on NP models

_ LFU violation
Z' (5 TeV) : Constrained MFV

10 T
) y O {ex, AME}@ 20

| Z’ models (Z' = 5TeV) ‘ o (AN, AM) © 20
— 0 b—sptp- @ 20 (1503.06100) (]
T
o)
—,
~
X
[
|
T.
Wl
)
ot
AT S

B0 ol e
0

é 1‘0 1‘2 14 0 I 1‘0 - 2‘0 I 3‘0 40
BR(K* — 7twi) [1071] 10" x BR(K™ — x*vP)
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NA62 Analysis Strategy

Signal and background
regions are kept blind > Kaon momentum

Kinematic suppression ~ 0(10%)

_____

throughout the analysis

Decay backgrounds

Decay mode BR
utv(y) 63.5%
() 20.7%
ntntn” 5.6%
ntnetv 4.2 x 107°

Other backgrounds

Beam-gas interactions

Upstream interactions

A 4

» 7 momentum (15 GeV/c < P, <35 GeV/c)  \

| P | | P |
,Zm-sszm,z{(l——” +m2|1——|— |PllP;1602

m
| Pk | Pr|

‘! 1
B E K'>n*n(y)

©
| F10"

DOrtvy (X10'°)

102 « ;
10°
10

10°

Region Il

10

<3
./yﬁ.“

w

1 ﬁ

9
__T-l-l'TTﬂT[ IlII“Tfl IIIlmTl TTIT

-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
mZ,., [GeV?/c?]

Time resolution ~ 0(100 ps)
Matching of upstream-downstream
activity

PID and high efficiency Veto systems
Muon suppression > 107

¥ suppression > 107

» Particle ID (Cherenkov + calorimeters) » Photon veto




K* - vy Background validation
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0.08
2 0.06
‘E 0.04
0.02

0
~0.02
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—-0.08

[GeVZ/cH

% i}
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% . o ':p;- T —+-data
g utv CR:
g 2 events
| ] ]
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Background K* — w*n’(y)

(] Data driven background estimation
> Nypt? = 1.46 £ 0.16g,¢ £ 0.06y
> Ny =0.064 £ 0.007 50 + 0.0064y

4 g 0.1
< . t Data Control Sample 0.09" —e— K* — ©*1%(y) bg (data driven)
N —— * o wtvw
N> 105 = MC Control Sample = * MK MO
© : 0.08
ds) 10* :_D MC K*—>7*2(y) 0.07
§ 0.06
S 10°: 0.05
S 0.04
2 102 = kWt U 0.03;
© - o | 0.02-
10 £ 0.01- . |
E - [ ‘ 11 ‘ L1 1 | L1 L1 | L1 T | L1 ‘ L ‘ T L1 | 1
1‘_ 016 18 20 22 24 26 28 30 32 34
£ ﬁl I 7t momentum [GeV/c]
—0.04-0.02 0 0.02 004 006 0.08
2
mZ. [GeV /e
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Background K™

d 2017 update

0 Selected with ¥ tagging
with 2 y in LKr

Tail Fraction / (5 GeV/c)
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Background K* - u*v(y)

(] Data driven background estimation
> N.'* =0.020  0.00355¢ + 0.006y

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02 :
0.01

7\‘\I ‘\\\liiil!iilii\‘\\?‘\\\‘\\\‘\\\‘\
0 16 ‘18 20 22 24 26 28 30 32 34

7t momentum [GeV/c]

—e— SM K" — ntvw (MC)

|

\ —e— K" — u'v,(y) bg (data driven)

N events R1+R2

H\‘HII‘III\‘HH|HII|II \‘HH||\|I|\II\‘\IH
+
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Background K* - p*v(y)

d 2017 update a;’- 107 F 1 St
d Selected using MUV3 tagging o 0°F oot Fegion2
§ 105 ; s
S i
2 10 B
= B
103 S
:|‘.‘|.H|.\.\| |
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Background K* - ttmr etv
d MC estimation

> 6 % 108 simulated decays, good agreement across 5 validation
K* - ntn~e™v enriched samples (invert multiplicity criteria)

» N7$7%ezv — 0-013i8:8g|stat + O-Oogsyst

2017
— 0.12- —~ 10 =
2 01 2 [ —+ Data
> F > i . .
3 0.08 é g [ ] MCK*>n*netv
N% 0.06 - 0 - —%—
£ 0.04— Y 6 — e
[ c. L
0.02 = L B
~0.02 i e
-0.04 , L
006 i e
_0'087 ! : ‘ L ! : L : ! : : ‘ : : ! : ‘ ! : L 0 L | | + ‘ 'ﬁrl | ] Il 1 | 1 1 1 1 | L1 1 1 | 1 1 | | ‘ 1 1 1 1 ‘ | |
15 20 25 30 35 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07
1t momentum [GeV/c] 2 5 4
m, . [GeV/c]
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Upstream background

Accidental particles from the beam line
Pions from interactions with beam spectrometer material
Kaon-pion matching and geometrical cuts effective

Data-driven estimation Achromat

x10°

Addition of a copper block & |

. L £ 600 7 .
in the beam line in 2017 ol 3 "
Installation of a new final o0k 5

collimator in 2018 N /‘F

CHANTI acceptance — —200 |

—600?— | Collimator |[ 2

[ BRI R
=200 0 200

[ B,
600
X [mm]

Lol
—-600
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T I

-600 —

Upstream background
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K™ — vy Single Event Sensitivity

O Signal acceptance: 4%

J Normalization

> Kt - ntrY on control trigger

(J Uncertainties
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RICH ring of t* of PNN candidate
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Kt - nttete™

QO First observation of Kt - m*e*e™ with m,, < 140 MeV/c?

without background

3 Also first observation of T°® » eTe™
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