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The NA62 experiment "Mged

High precision fixed-target Kaon experiment at CERN SPS

Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna (JINR), Fairfax, Ferrara, Florence, Frascati,
Glasgow, Lancaster, Liverpool, Louvain-la-Neuve, Mainz, Moscow (INR), Naples, Perugia, Pisa,
Prague, Protvino (IHEP), Rome I, Rome II, San Luis Potosi, TRIUMF, Turin, Vancouver UBC.

NA62 Timeline

Dec 2008 - NA62 Approval

2016-2017-2018: Physics Run 1 (this talk)

[2015 Commissioning ]

[2021-2023 Physics Run 2 (started in July)

NA62 primary goal: Measure BR(K*— ™ vv)

New: K+ decay-in-flight technique
e [PLB 791 (2019) 156] [JHEP 11 (2020) 042] [JHEP 06 (2021) 093]
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“Motivati — NAG2
S Motivations for K*— xtvwy -9

Box & Penguin (one-loop) diagrams v'High sensitivity to New Physics

s wet 4  YFCNC process forbidden at tree level
v" Highly CKM suppressed (BR ~ |V, ;*V4/?)

v'Extraction of V,; with minimal (few %)
non-parametric uncertainty

1% 1%

Theoretically very clean:
v dominant short-distance contribution
v" hadronic matrix element extracted from precisely measured BR(K* — m%e*v)

Independent determination of unitary triangle for K meson system (with neutral mode)

BR(K* — t*vv) = (8.4 £ 1.0) x 10711
[Buras et al., JHEP 1511 (2015) 033]

error: CKM parametric, dominated by V,

Indirect searches of NP with
high precision studies of rare K decays

(0,0) (L0O)charm Re
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Experimental Status &
NP Sensitivity

> NAG2 ()

BR(K*— 7t"VW)rupory = (0.84 + 0.10) x 10710 Discrimination among NP scenarios

BR(K*— w*vV)pxp = 1.737%5 | . X 107%°
[E787/E949, Phys.Rev.Lett.101, 191802, 2008]

« based on 7 candidates

LFU violation

[Buras, Buttazzo,Knegjens, JHEP11(2015)166]
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Correlations significantly change
for different classes of NP models
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NAG62 result, 2016-2017 data:
BR(K* — 7vVv) < 1.78x107° @90% CL
[JHEP 11 (2020) 042]

15 F i . o

W SEANI AN
10 20 30 40
10" x BR(K* = n7vp)

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

K— ntvv probes of unique sensitivity for NP models
among B and K decays

(NP searches complementary/alternative to LHC)
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<K+—> v Signal & Backgroﬁ‘i‘m‘cfgé

K+ decay-in-flight technique

Signal K¥— m+vv:

m2miss = (PK _ Pn)2

I

Main kaon decay backgrounds s+’

o

E Ki—oa*n(})
FII—'§101 E
Process Branching - . "
ratio 0t ‘ -
(0) -3 i
K*— utv, (v) 63.5% 10° - |
- | \
K*— wrnl(y) 20.7% 104 N
= - |
- |
Kt— ot 56% 10° :_ E ~—— Ill
= o Region Il |~~[_
Kt— wtnte*v, 4.3 x 105 F g R
10° - n= AT N
= "
Slgn & Bkg ContrOI reglons kept 10'7 _1 Ly 1y 0y \, 1 \ il .\/. L L/‘v-/ P -\ AT | BT |\-
. . -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
blind throughout the analysis e, [GeVilc]

Background rejection relies on Kinematics (15GeV/c < P_ < 35GeV/c; m2, ;)
used in conjunction with Particle ID, Veto systems and sub-ns timing
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<NA62 Beam & Detector Had:ﬂ‘ﬁz Q

calorimeter

Large-Angle Muon
T photon Veto (12 stations) 0,=70ps detector
2 1 STRAW CHOD
; Beam LAV /\ Ey{
5 tracker e E on
i RICHI i muvs
{ Target KTAG GTK = SAC
0 1 e aa e CHANTI Vacuum— - T
i Cherenkov |
il kaon tagger ;A
] 0,=70ps ~5 MHz K* Decays Dump
1 . Spectrometer RC
2 ] Anti-counters LKr Small-angle
straw chambers i A
[NA62 Detector Paper, 2017 JINST 12 P05025] EM calorlmeter pnoton veto
0 b 100 150 g 250

Z[m]
» SPS protons on Be target (PoT): 400 GeV/c, ~10'2PoT/sec, 3.5 sec/spill
» Un-separated hadron beam: n+(70%)/K"(6%)/p(24%)
» K*:75GeV/c (£1%), divergence < 100urad, (60 x 30) mm? transverse size
» 750MHz nominal beam rate @GTK (~5MHz K+ decays in 60 m fiducial volume)
» 2016, 2017, 2018 beam rates in Run 1 [MHz]: ~300,~500,~600

Angela Romano, EPS-HEP, 28-07-2021 5



‘Measurement Strategy . Y4620

ronic
calorimeter
Large-Angle Muon

T photon Veto (12 stations) 0,=70ps detector
2 1 STRAW CHOD

; Beam LAV /\ Ey{

i tracker el P o i
= 1 . MUV3

| Target KTAG GTK S AC
s —ll e e, CHANTI Vacuum—

i Cherenkov |
Sl kaon tagger ;A

] ,=70ps ~5 MHz K* Decays rc \[Dump
S Anti-counters ) Small-angle
i straw chambers LKr

[NA62 Detector Paper, 2017 JINST 12 P05025] EM calorlm ot er photon veto

'JJV T T T T T T T T T T —

0 100 150 200 250
Z[m]

NA62 Performance keystones:

» Timing between sub-detectors ~ O(100ps)

» Kinematic rejection ~O(104) for K*—=n*n®, K*—u*v bkg channels
» Particle ID: muon suppression (from K—ut*v) > 107

» Photon veto: n®—yy suppression (from K*—=x*n®) > 107
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> WA62 8

K*axtvv Signal Selection

Signal and Control kinematic m2miss = (PK - Pn)2
regions blinded during the analysis m_ mass hypothesis

Selection steps: Y r
» Reconstruct n* and K+ tracks %.5 o f_ 10
» K-n match & decay vertex =, %% [
> ntID (u* rejection) E 0.06 — .
» RICH (Calorimeters) 004 F- =R
> () =~ 0.85 (0.82) vor - "
> P(u* = m*) = 3x1073(107) 10°
> Photon rejection Pt _
> £(n0— yy) =~ 2:10°8 002 [T P 10
» Multi-track rejection o0 Do T A

0 10 20 30 40 50 60 70

° [ 2
» Kinematics (m?_; . vs p,) 7" momentum [GeV/c]

> o(m? ;) =110 GeV3/c4
» o~ 0(100ps)

Selection optimized in bins of ©t*
momentum
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Upstream Background

» Kaon decays in upstream region (e.g. interactions with GTK stations)
> 1" enters fiducial volume (FV) and scatters in first STRAW chamber
» Beam pileup particle (in GTK) generates a fake decay vertex inside the FV

» In 2018 collimator was replaced to remove early decays mechanism
» Data sample split in subsets S1 (OLD COL) and S2 (NEW COL)

—800
£
E600
-

400

200

o
200"

—400
-600
801

%

Track extrapolation at collimator in enriched
sample of upstream events (data)

L 2 ES()O; 2
E Early decays 1.8 E600- 1.8
3 T 1.6 wol- 1.6
] 1.4 At 14
12 200 e 1.2
s ] 1 0 L [ |- 1
1= = 0.8 200" T 0.8
l_ ’W J 0.6 400 I_ ; J 0.6
B = 0.4 0.4
0.2 —600 0.2
BoxCut .. . W, 800 et
00-600-400-200 0 200 400 600 800 ~800-600-400-200 0 200 400 600 800
X [mm] X [mm]
Dipole Magnet
CHANTT acceptance
Collimator

> NAG2 ()

Background | Subset S1 Subset S2
a0 0.23 +£0.02 | 0.52 £0.05
uwhv 0.19 £ 0.06 | 0.45 £ 0.06
mtn ety 0.10 £0.03 | 0.41 £0.10
mtata— 0.054+0.02 | 0.17 £0.08
Y < 0.01 < 0.01
7Olty < 0.001 < 0.001
Upstream 0.541057 2.76170-20
Total 1117939 | 4.317928

Background estimates summed
over Region 1 and Region 2
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Control K'—n'n’data used to study
the tails of the m® . distribution

T =
N& 107 ;_ —+— Data

% = MC K*—>n*n®

a 10° E MC K*—>r*n®r°

N - ,

C MC K*—m*z® uncertaint

§ 10° i L] —m*n® uncertainty
<, F Region1 Region 2

g 104 9 g ...............

.E

= 3

o 10

llllllllllllllll

—0.02 0 0.02 0.04 006 0.08 0.1
m2. [GeV?/c?]

Expected number of n*n’ events in
signal region after nvv selection

W > NA62
,, Background from K decays

o)

Background | Subset S1 Subset S2
a0 0.23+0.02 | 0.524+0.05
ptv 0.194+0.06 | 0.45+ 0.06
mtr—etv 0.10 +0.03 | 0.41 £0.10
rtatn— 0.054+0.02 | 0.17 +0.08
ey < 0.01 < 0.01
01ty < 0.001 < 0.001
Upstream 0.54J_r8"3£1) 2.76J_r8:£7)8
0.40 0.91
Total L1105 | 4.3175525

Data Driven estimation

Number of events in x*n’ regions
after nvv selection

region) = I\Tl\(ﬂ'ﬂro)-f I"(region)

Fraction of n*x® events in signal

region measured from control data
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Background to K*sxntvv

Background expectations validated using control regions

Observed (expected) events in control regions

> NAG2 ()

— 01 Background | Subset S1 Subset S2
*% 0.08 - a0 0.23+£0.02 | 0.52+0.05
% C 14204 wty 0.19 £+ 0.06 | 0.45+ 0.06
o2 006 rtrety | 0.1040.03 | 0.41 4 0.10
0.04 — rtata— 0.054+0.02 | 0.17£0.08

002 0 10 e O e sk | Ty <0.01 <0.01

. ;_(7.210.9*%%&& T aasa | Y < 0.001 < 0.001

- o6 . et T ' Upstream 0.547_L8:'3g1) 2.76f8:28

—0.02 :—(ZI;Z;U*;??@? Total 1.11+0-40 4 31+0.91
004 e ota Ll _p.22 2Ll_0.72

15 20 25 30 35 40 45

7" momentum [GeV/c]

Background estimates summed
over Region 1 and Region 2

Validation: expected vs observed background events
in control regions in bins of 7* momentum

Signal Regions are blinded!
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2016+2017+2018

> NAG2 ()

& ;
2018 Data g 12 |EE§1§E§EE§EEEEE Expected background
>
o
= + Observed data
5 10
=) I~ :
£  [2016} 7017 S1 i S2
= : i i
Zz 8

I|III|III|II||I

—0.04 - o DI Wiy

s s

Coa b 1 L RN 0““‘!!!|1|||:|1|||:||||||||| ﬁim
15 20 25 30 35 40 45 o 1 2 3 4 5 6 C7t 8
ategory
[JHEP 06 (2021) 093] 7t momentum [GeV/c] ”
. . SES = (0.839 & 0.053ys;) x 1071,
» 20 events observed in signal regions exp
» P(only bkg) = 3.4 x 10 Nryp = 10.01 £ 0.42ys¢ & 1.19ext,
i i ifi exp +1.05
» corresponding to 3.4o significance Nbackgroun 4= T7.0375%.

BR(K" — ntuvi) = (10.675 st £ 0.94ys) x 107 at 68% CL
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> NAG2 ()

Large BR(K*>n+vv) deviations SM are excluded
- high precision measurement needed

(10"

-8 O§
Rl T
{ C KOTO Exclusion 90% CL )
T pTTTTTTTTT Tt TTT T Q
. N
< _—
ot 107 — Grossman-Nir Excluslon//
= - / B(K* — ntvp) [107Y]
NA62 Run1
1071 E787/E949 -
- |+ :
. S )
&
10-11 IR B ) R A I T T Y T O R R (I m><
5 10 5 2 25 30 35 =
Br(K*-n*vv) x 10"
Grossman-Nir limit: Br(K; — 7T0Vl7) <43 Br(K™ = ntwp) 0 10 20 30 a0

10" x BR(K* — ntvp)
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NA62 in Run2 (2021-2023) 1020

VetoCounterl&2 VetoCounter3 ANTIO

Beam =—>

New Collimator
(2018)

X [m]

GTK
Target KTAG Il ll

0 ¥
| ll'll |

Beam line re-arranging

—

0 100 150 200 250

CHANTI

Z[m]

> Key modifications to reduce background from upstream decays and interactions:
« Add 4t station to GTK beam tracker

» New veto hodoscope upstream of decay volume and additional veto counters
around downstream beam pipe

(> Run at higher beam intensity (70% — 100%) \1
k> Expect to measure BR(K* — s*vv) to 0(10%) by LS3 13 J




. > NAG2 A
Conclusions (o)

» NA62 result with data collected in 2016-2018 (Run 1)

BR(K" — ntvo) = (10.675|star & 0.95y6¢) x 107 at 68% CL

» The most precise measurement of K+— n*vv to date
» Starting constrain NP scenarios: need high precision measurement +K; — 7%

» Same data set used to search for K* — n*X, where X is e.g. a Dark Scalar

» NAG62 restarted taking data in July 2021
» upgraded detector & beam line modifications
» aim at further improving upstream rejection
> run at higher intensities
> allow for improved signal sensitivity

» NA62 2021-2023 (Run 2) will improve the current knowledge of BR(K* — z"vv),
ultimately reaching O(10%) precision

Angela Romano, EPS-HEP, 28-07-2021 14
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experiment

NA62

NAG62: a general purpose

> NAG2 ()

[ 1
D\ D\
Flavour Hidden
Physics Sector
v : S : N (- : N o
Searches for lepton Search for NP below the
Search for NP at the EW xPT and Lepton flavour and number EV\s aslz(;ll o ?1{/1 eV-G?e\(}V;,ang e)
scale with sizeable Universality violation (LFV, feeblv-coupled to SM
coupling to SM particles tests - Precision LNV) - Rare and D ar’?i cles I\),l a direct
via 1nd1fect e.ffects in mefaIs<1+11('iements forbidden decay detection of long-lived
Gold (2101-)81.@ e | - — J h analysis - G
\| olden mode: K- => TV, ) \K HNL, Dark Photon, ALP.. )

<~

THIS TALK

<~ ~

Talk by F. Brizioli Talk by E. Minucci
TF8 on 29/07 TF8 on 26/07

~

Talk by C. Parkinson
TF10 on 27/07
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NA62 2016-2017 Results " -9

. Integrated luminosity NA62 Run 1

2016 40% of nominal intensity o & —
12 + . - 2200:— : E
0.12 x 10'2 K* decays in FV 2 02016 | - i
Result, 2016 data: & 100 : :
BR(K* = wtvv) < 14x1071° @ 95% CL 1000
[PL B791 (2019) 156-166] 1400E-
1200[—
2017 60% of nominal intensity 1000F-
1.5 x 102 K* decays in FV 800
600 —
Combined result, 2016-2017 data: 400
BR(K* — atvv) < 1.78%x1071° @ 90% CL 200 :
[JHEP 11 (2020) 042] o : | I |
Aug 16 Dec 16 Apr 17 Aug 17 Dec 17 Apr 18 Aug 18 Dec 18
012
'f 0.1 E/; . K" — mvwMC 'g 0.1 El data . )
§ 0.08:/ i ~+-data E . .3#“?‘%{3;.‘. ' SMK'>71fw |
20.06 T el i
nE T 05—
Eo04 | | C - .
002*{ AQrWNe a®utese * o 4, a2 s 3 B ‘o APPSR i S e Vg g WM o e 0 o o® o,
7 _:%?‘7 0! [ e
0% | ;e e ' TR e aars
_0.02:% .o - ® . c\.:}. ”a“”.w . [ « "% . . s ® .o o |
—0.04% ) .05 -
“0.067 2016 data | 2017 data
008 e T T R s B T T S R T

7f momentum [GeV/c] 7t momentum [GeV/c]



> M NAG2 A
Normalisation and / é

Single Event Sensitivity

o T SES error budget:
N& Normalization - =
> 10 Source Relative uncertainty
& ; —
“ 10° trigger efficiency 5%
g 1 MC acceptance 3.5%
= G
< 10 random veto efficiency 2%
= . .
E w0 normalization background | 0.7%
=02 instantaneous intensity 0.7%
10 Total 6.5%
O 2
1.5 = 1
§ 1 * g ey | NA62 Preliminary
g 0.5 + ! : : .E 0-9 1 ._'-—"_i ﬁ—*__._:’
0 004 2002 0 002 004 006 008 0.1 5 08 :
mZ,, [GeV7/c'] 2 o7f
E 0.6/
NETP N € <> 7r1/1/ BT(T‘-VV) = Oﬂi g
avy ~ Vg €trigger "ERV - *
Amr BT(W?T) 5 04 NEWCOL e,
\
\‘\—\5 0.3 -4 Photon + multiplicity rejection
+ Photon rejection
Br (ﬂ_yy) 0.2 N LKr veto
_ A LAV veto
S.E.S. =~ = (1.11 £ 0.075,5.) x 1071 0.1 ‘
N P | | | 1 1 1
TV 0 Lt ol et da sl i ai i)

0 100 200 300 400 500 600 700 800 900 1000 __
Intensity [MHz)
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--- pileup beam =n* track
-~ beam K" track
— downstream x* track

XA

Collimator

KTAG Collimator

Sketch not to scale!

CHANTI

Upstream Background

um tank

-------
- - - -
-----------

Back — extrapolation
after reconstruction

A ASTRAW1,2

STRAW34 RICH

Fiducial decay region

> NAG2 ()

Kaon decays upstream the FV

- only nt* enters FV and scatters in first STRAW chamber
In-time pileup beam particle (in GTK) generates a fake decay vertex inside the FV
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> NAG2 ()

Upstream Background

Replacement of the final collimator against Upstream events (June 2018)

NEW COL

L
B
.
A\
D

.\ \
AN
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> NAG2 A
Upstream Background o

Vacuum tank

Y Extra scattering on
re-entry

Fake Vertex

Sketch not to scale! T T STRAW S STRAWSA RICH

Fiducial decay region

A particular upstream event in the OLD COL configuration
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> NAG2 A
Upstream Background o

Vacuum tank
Collimator
" LI I I T T YT YT T T Y T T T T T Y YT MY I T ITTTTYTY Yy 4 --
o
Collimator ) _

Sketch not to scale! T suu\m 2 STRAW3,4 RICH

Fiducial decay region

The same upstream event in the NEW COL configuration
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Entries / (0.001 GeV¥/c?)

Interpretation of Result: * NAGZ Q

Search for Ktoxn* X

» Search for e.g. Dark Scalar (X = S), production & decay driven by mixing
with Higgs boson (mixing parameter sin20)

» Perform a peak search considering K+=»x* vv as a background
» Improve on recent NA62 limits from 2017 analysis by factor ~4

[JHEP 03 (2021) 058]
Assume X decays to visible (SM) particles
-9
+0sts  ZKom' 5‘ 0.3 :Km— Observed UL < 107
103 B < -uvin) K=y, u*— 0' ° " ---- Expected UL 'a
Wore [ Konnty S 0.25F mm o 1074
loz B corxn K'sn'wa'v 3 N +20
8 Total backgs = -
0 2 0.2 . 105
| % 0.15F 10 | -
10! : 0.18 107 |
2 0.05 y
10 ! \ . ‘ 10® NA62 NA62 ~
C K' = n* +inv. n° = inv.
10_3 0....]....1....1 ........ i N | o
-0.02 0 002 0.04 006 008 0 50 100 150 200 250 o )
m2, [GeV/c?| my [MeV/c?] mg [GeV/c?]
[JHEP 06 (2021) 093]
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2015 run

HIOO

 Reached 40 kW slow-extracted

beam power

« 3 x 109 pot collected
* BR(K;, — #"v) <5.1x10-8

10%

(<]
o

o
Beam Power (k

(90%CL)

2015 2016-2018 2019
10 Published  Finalizing analysis Analyzing
X p
2012 2013 2014 2016 2016 2017 2018
Dec Dec Dec Jan Dec Dec Dec

MNE77] 0
450331, 5+13.0 0 27+0.15 0.08
400 F h . +0.05
30 :_ 1

300 ; % 1.23:i:0.41

T

including si\gnal region

0 \ R
0.42+0/18 0.55
'l £0.16
(/]
0

100 g— Y (et 1
1.41+0.13

o b b b b b b b | L
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Zyix(7’) [mMm]
2016-2018 runs

 Reached 50 kW beam
power

* 4 x 10"° pot collected

* Preliminary results at
KAON19
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i~

Several important detector upgrades and
analysis improvements compared to 2015 data

KOTO preliminary (KAON, Sep 2019)
SES: 6.9 x 10-1° (0.05 SM evts)
Expected bkg: 0.05 + 0.02 evts

=500

Background estimates (ICHEP 2020) £ = 450

Source Expected
(68%CL)
K, — n°n° <0.05
]p(Llese mev overlap <0.05
K, — eey <0.05
K, — yy core <0.06
K, — yy halo <0.10
K" — nlety 0.90 £0.27
K" — 7'n® 0.09 +0.09
K" — nu*v <0.12
7° from n in CV <0.05

Total

1.05 = 0.28

k400
2350
300
250

200;

150
100

S0
0

eliminary results: 2016-2018 data m

9000
8000 ‘. !'\ ‘|‘
. - of
- i Jtime
3 good signal e
3000¢ : s
H E o %,
candidates - : .
5 0”'1‘0””2‘0'”30””4‘0””5‘0”‘601”—
- | 4
S S X e — L ——
: : I
/.
S P ——
Lo /
O LU AR & VAR N I S
' . ?' /I
: . : /,
_‘i:& ............ ........................................ i IS0 0 e
é /
: ] ; -
A | - _._,__IL'___ S—— —.— ¢ ¥ —
- ::;": -/
L o+~ U T S ARE—— N
Y x e
e L T
C .f;::‘lj.’ri _______
:_ ..... S o I SO OO 3 OO S
| | | | | | | | | | | | l | | | | | | | | | | | |

2000 3000 4000 5000 6000
zvtx(ﬂ0 ) [mm]

KOTO will reach SM SES by mid-decade: Step-2 required for BR




