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A Kaon factory at CERN

'u\,}n,«—cnmm{,esgoﬁ\[ > Beam from the SPS: 400 GeV/c protons on Be target
’ > Secondary 75 GeV/c beam hadrons (70% #, 24% p and 6% K)
o > Decay in flight: Kaons decay in a 60 meters long volume
) %
7\ ) Qrpex Collex-Bossy &

The main aim of NA62 is to study the FCNC process K™ — 77 1i
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Detector overview
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Upstream Detectors Downstream Detectors
KTAG: Cherenkov differential detector STRAW: track momentum spectrometer
GTK: silicon pixel beam tracker CHOD: plastic scintillators for fast charged trigger
CHANTI: anti counter against inelastic beam-GTK3 RICH: Cherenkov counter for ri/p/e ID

interactions
LKr and MUV 1-2: calorimetric system

MUV3: muon veto 3



K+*—mttyy decay: overview

> Crucial test for Chiral Perturbation theory (ChPT)

> Two kinematic variables used to describe the decay
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> In the ChPT framework (at leading order O(p#4) and including O(p¢) contributions) the decay rate and
spectrum are determined by a single priori unknown O(1) parameter ¢
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K+*—ntyy decay: data and selection et o

: —— Data
. . 400F N
= Downscaled control and non-muon trigger lines. : L
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K+*—ntyy decay: results LRSS apad)
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ALPS il‘l K+—)"+al a—)yy decays %(lzgﬁl

= Peak search over m_ = \/(PK — P_)” in the range 207-350 MeV/c2? in steps of 0.5 MeV/c?

= m_ resolution: from 2.0 MeV/c2to 0.2 MeV/c? across the search range

= |n each m_ hypothesis background estimated from simulations and UL on number of signal events set using CLs method
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n%°—et*e-decay: overview Preliminary

> Experimentally observable:

: » » * _( 2 7.2
K\L%’(yzo —eTe (y),x > X,.,), X = mee/mﬂJ

— ¢"e"y dominant in low-x region

- Dalitz decay 7"

- For x > x.,. = 0.95, Dalitz decay ~ 3.3 of B’ — eTe (v))

> Previous best measurement by KTeV [Phys.Rev.D 75 (2007) 012004]

—

&%’(ﬂo — ete (y),x > 0.95) = (6.44 £ 0.25 £ 0.22) X 1O—Sj

> Using latest radiative corrections in [JHEP 10 (2011) 122], [Eur.Phys.J.C 74 (2014) 8,

Leading di
3010] the result can be extrapolated and compared with theory: eading diagram

considered in theoretical

predictions
B(m® — ete™,no-rad) x 10°
KTeV, PRD 75 (2007) 6.84(35)
Knecht et al., PRL 83 (1999) 6.2(3)
Dorokhov and Ivanov, PRD 75 (2007) 6.23(9)
Husek and Leupold, EPJC 75 (2015) 6.12(6)
Hoferichter et al., PRL 128 (2022) 6.25(3)




n%°—et*e-decay: results Preliminary

= |rreducible K™ — 77¢Te™ background ey
N§ - NA62 Preliminary |~ Data
= Other backgrounds: L R — e
0 :
-K* — z*z) with a lost or converted y S
2 140
-K* — n*xp, with two undetected ete™ 2
120
= Fitted signal event yield: 597 = 29 100
= Branching fraction of 7¥ — e*e™ 80
I * - 60
f 40
@(ﬂO = ete(y),x > 0.95) = (5.86 £ 0.30,,, £ 0.11,,, +0.19,,) X 10—8)
| f - - 20
0
> result compatible with the KTeV measurement O 1.4F
Z 12
> result in agreement with theoretical expectations when g et g
extrapolated using radiative corrections - 8:2_— + Wi
: : _ 130 131 132 133 134 135 136 137 138 139 140
> external uncertainty dominated by %B(K* — nte*e™) .. [MeV/c®




LFV and LNV
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https://indico.cern.ch/event/452998/contributions/2184888/attachments/1306687/1958605/PASCOScLFV_Bernstein.pdf

Search for K+ —> //t_ye_l_e_l' PLB838 (2023)

Normalisation selection Signal selection (N,=0.26 = 0.04)

N, .= 21401, Ng= (1.97 £ 0.02;,,, = 0.02;,;, + 0.06,,,) X 1014 No candidate observed in the signal region
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https://www.sciencedirect.com/science/article/pii/S0370269323000138

searCh for K+ —> ]Z-Oﬂ//te Preliminary
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K™ - 2’z ute™ 0.33 +0.07 0 79 % 10~10
Kt - 2ztu—et 0.004 £ 0.003 0 3.1 x 10710
Kt - aztute” 0.29 + 0.07 0 5.0 x 10719
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NA62 in dump mode
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NA62 in beam dump mode

£
>.

Trigger lines

§ | Standard setup | Beam-dump setup

TAX TAX
| Target .. .. | No target.l .l
4 4

- Single track trigger, at least one signal in the CHOD
Q1/D, D =20 - 14 KHz

- Two-tracks trigger, at least two intime signals form CHOD in
two different tiles

H2 — 18 kHz

- Control trigger LKr-based to measure efficiency of the charged
triggers, 1MeV threshold

CTRL — 4 kHz

| | | | > | | ! | > Q1 trigger efficiency = 99.8%
H2 trigger efficiency = 98%

1.40 + 0.28 X 10'7 POT collected in ~ 10 days of data taking during the 2021 run

14



Search for DP in NA62 beam dump

Two production mechanisms are in action in proton-nucleus interaction scenario:
1. Bremsstrahlung production: pN—>A’X

2. Meson-mediated production: pN->MX, M—A’y (nt%, n), where M = %, nl’), p, W, etc.

w 1072 ——— w 1072 —————— ———— ———rs
90% CL UL ] 90% CL UL -

10~3 Past experiments 3 1073 Past experiments =
NAGs NA48  BaBar — NAG62 A’ : . NAG4 A48 Babar —— NAG62 A’ - 1 :

A" - [l, brems. 3 — A - ee
A -0, meson 1 B T e A’ - uu

107 SN1987A E 107° SN1987A E
ol L C L _ L L L
107701 102 103 10° 10761 10? Tk 10°

M, [MeV/c?] My [MeV/c?]
Sensitivity per production mechanism Sensitivity per decay mode assuming O
assuming O observed events in 1.4x1017 POT observed events in 1.4x1017 POT
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_ JHEP 09, 035 (2023)
ReSU"'S fOr A/ —> f +f arXiv:2312,12055
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https://doi.org/10.1007/JHEP09(2023)035
https://doi.org/10.48550/arXiv.2312.12055

Model New Physics searches in hadronic decays

Decay modes

DS

i~

xt 77°

KK~

Numerous possibilities for exotic particle X being a dark photon (DP), dark scalar (DS), axion-like particle (ALP), ...

\, Production

= ALP: Primakoff (on and off.shell), mixing with
P = {71.0, n, ﬂ,},Bi’O — K0,

= DP: Bremsstrahlung, decay of PS and V particles
P—AY,V—AP (V={p,w,¢}and (P = {z",n,n'})

=DS: BV — g+0.(¢

Altogether 36 combinations of production
and decay channels studied

17



Results and interpretation

m L 1 1 1 | | ] 1 ] I 1 — T ' v
NC s '—l' r BC1l1 90% CL UL 1
o 10 3 3 >107°F Past experimentss3
8 : NA62 a - hadrons: I
[ R I —— observed ]
10-© - = S 10~6 L — *1lo0 !
E E 8 - +20 E
E 4 Q C i
1077k BC4 90% CL UL = 1077 E E
- Past experiments 3 - ;
I NA62 S - hadrons: ] ; ]
1081 —— observed = 108 =
g — *10 g : :
+20 . i
107°F NAG62 Preliminary: 107%F mg.| |my myy [NAG2 Preliminary:
= 1 1 1 1 L 1 1 1 C ! 1 1 - : - .
1071 10° 2x 1071 10° 2 x 10°
ms [GeV/c?] m, [GeV/c?]

O event observed in the all the control and signal regions
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Summary

> Kt—>1tyy
> Results consistent with previous measurements

> Improved precision, by a factor > 3, statistically dominated
> ChPT O(p4) is not sufficient to describe data

> First search for ALP with gluon coupling in K™ — 77a,a — yy decays
> 9—et*e (new preliminary):
> Precision comparable with previous measurements, statistically dominated

> Full agreement with the latest theoretical expectations

> LFV/LNYV searches:

> Presented U.L. on K™ — " vete™ decay

» NA62 performed the first search for the K* — 7°zue process
»A’ - 77~ and X = hadrons:

> Blind analyses to search for exotic particle decays A’ — £7¢7~and X = hadrons have been performed on the data
collected in 2021 exploring new regions of parameter space

Stay tuned!!!
19
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Detector overview in beam dump mode

¥ o
i Veto LAV STRAW _\_‘——. MUV1,2
i ANTIO
1 - / T T ‘ ‘ T T;RICH | [l ror
: [ BRERE MUV3
: . SAC
0 - Ty CHANTI VEISSRIUE w B
-1 ‘; GTKCOL l l l l l \ x l & | l L RICH | |
: | IRC
-2 LKr
50 100 150 200 250 Z [m]
Swegping Upstream Downstream
< 5:3 a triplet of magnetization-satured > COL cleaning collimator > STRAV spectrometer for momentum
dipole magnets o and direction measurements
. . . > ANTIO scintillator hodoscope
>SCR a toroidally-magnetized iron > LKr, LAV, IRC and SAC photon veto
collimator system

>B5 and Bé magnets 91



Detector overview in kaon mode

A NA48-CHOD

2 Veto AnTIO HAY e [y vz
g [ TTTTTITTY_TJT T;RICHJ“i

MUV3
SAC

7 - G'TKCOL 4 \ l i th ERICH .w

50 100 150 200 250 7 [m]

Performances Resolution

= GTK-KTAG-RICH time resolution ©(100 ps)
= Spectrometer ¢,/p = (0.30 & 0.005 X p) % [GeV/c]
= (0(10*) background suppression from kinematics
= CHOD and NewCHOD resolution of 600 and 200 ps
= (©(10”) muon rejection for 15 < p(z*) < 35 GeV
= LKr 0,/E = (4.8/A/E ® 11/E @ 0.9) % [GeV]
= ((10°) 1 rejection for E(z") > 40 GeV 99



K+*—n*yy decay: event selection and bkg

> One good track in the Spectrometer
> K- matching using the GTK for kaon to define the K* decay vertex
> Two good clusters in the LKr

> Kinematic cuts on kaon decay daughters: total energy conversion, total transverse momentum, invariant mass of the
decay products should be consistent

Use beam tracker GTK and Spectrometer to measure z variable

> Cluster merging in LKr

o K+ N 72'+7Z'0}/, 7[0 — ¥y

e KT = 7t7%7°, 72" = yy decays

> Multitrack events with tracks out of the Spectrometer acceptance

e K™ - n"n"n~ decay (main contribution due to large branching fraction)

> To validate background model: use control regions with enhanced background and check Data/MC agreement

23



LFV/LNV K+ and 7' decays: state of the art

| llllllll | Illlllll | I I I I A |

10 "2 107" 10" 10"
Upper limits of decay BRs at 90% CL

24



n%—e*e decay: normalisation sample Preliminary

= Multitrack electron trigger line

= Signal decay chain: K™ = 7779, 7 = ete”

= Normalisation: Kt — ne*e™ decay selecting region m,, > 140 MeV (8.62 x 10!! kaon decays collected)

200

- NA62 Preliminary © =~ | |~ Data " NAG2 Préliminary | . |- Daa

180

160
2000 |

Events / (1 MeV/c?)
Events / (2 MeV/c?)

1401l 4. 4.

120F
1500

100

80

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

1000
60

500 40

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

20

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

— —h
OO LMD O

Data / MC
oo
:I |MIIIIIIIII|II

.
.
Data / MC
_Ll\)-b o

480 482 484 486 488 490 492 494 496 498 500 502 504 506 508 510 140 160 180 200 220 240 260 280 300 320 340 360
m,.. [MeV/c?] m,, [MeV/c?] 25




Benchmarks and production mechanism

BC4

New scalar singlet S, so-called dark scalar (DS) which,
below to electroweak symmetry breaking scale, mixes with
the SM H boson. In the minimal scenario this mixing is
parametrised by an angle

Uy
P
Mg — Mg

sinfy =

Where v = 256 GeV is the EW vacuum expectation value,

my = 125 GeV is the mass of the physical H boson and 4 is
the coupling parameter parametrising the strength of the
corresponding portal.

Production

The most efficient production mechanism of DS at a fixed
target experiment is in the FCNC decays of heavy flavour
mesons

B — K%)S

BC11

The third benchmark model is the BC11, an axion-like

particle (ALP) a coupled to SM gluons in a dimension 5
portal

2(:%8 LUV (Y1
‘gALP :) g TCZG Gluy

\)

~/

is the gluon field strength tensor, G, is its

Where G.

UL I,UL
dual and g, is the strong coupling constant. The strength of

the coupling is fixed by the ratio C, /A involving the
energy scale A of the UV completion.

Production

On of the production mechanism of ALPs at a fixed target
experiment is in the FCNC decays of heavy flavour mesons

At lower ALPs mass the Primakoff like effect is dominant

26



Dark photon: a detailed view

T T T T
—— A'-sete~
1.0 Aoty A

— A’ - hadrons

= New vector field F'yv symmetric under a new U(1) symmetry 0.8k
feebly interacting with the SM fields

= A minimal extension to the SM: kinetic mixing with the SM S
hypercharge 001
<
2 S
€ 0.4} i
—— KV
) F B/W "
M(A’) and ¢ are free parameters 0.21
0-8.0 0.2 0.4 0.6 0.8 1.0 1.2

M, [GeV/c?]

Decay width domine y lepton antilepton final
states for M(A’)< 700 MeV
27



JHEP 09, 035 (2023)

DP searches in 777~ final states iz 1500

Signal signature £ 60r 05 E
- £7¢7 vertex in the NA62 fiducial volume % 50— A'—ptp S
= B - —0.25 c
- Primary production vertex close to the proton TAX :D; 402_ -
interaction point - —02 g
- &
S0C 015 B
Event selection : c
20— —0.1 =
. . o« o . . . . - O
- Good quality tracks with timing in coincidence with each B g
other and the trigger 10— Io.05
: :| L1 | T B
- PID with LKr and MUV3 %020 0 10 20 30 40 50 60 70
Zoax [M

- In e*e- analysis: decay region & PID optimization and no

intime activity in muon veto detector MUV3
CDA1ax closest distance of approach between the

- No intime activity in LAV (and ANTIO in e*e) beam direction at the TAX entrance and Z1¢~

- Signal region (SR) selection (redefinition of SR for e*e’) direction ocpy ~ 7 mm

Ziax longitudinal position 6, ~ 5.5m
Signal region is kept blinded till
the analysis freezing 28


https://doi.org/10.1007/JHEP09(2023)035
https://doi.org/10.48550/arXiv.2312.12055

Expected yield on A’ — 77/~ aivaa2 12083

I\’_+>*‘+|J-
wl0 11—
—2.3events§

. N
(-
Ul

-
-
EXp. events

N, = POT X P(pN — A) X B(A" = £7C7) X PpX Ay, L0-6

Ul

> POT = 1.40 + 0.28 x 1017, proton on target collected in 2021

!

107300 400 500 600 700
» P(pN — A’) DP production probability M [MeV/c?]
A’'—e*e
> B(A' — ¢£7¢) decay branching fraction
W S A A S —— 104
> P, probability for DP to reach the NA62 fiducial volume and 1074 &, —— & I l
decay therein B 1100
> A, signal selection and trigger efficiencies (| {107
ilO‘8
-8 SRV R — v— — -12
- 200 400 600 1

M, [MeV/c?] 29


https://doi.org/10.1007/JHEP09(2023)035
https://doi.org/10.48550/arXiv.2312.12055

JHEP 09, 035 (2023)

BCI C kg roun d stu d ies arXiv:2312.12055

The main expected backgrounds can be divided in two categories

9p)
o o -
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A’ = £7¢ statistical analysis

> The exclusion limits are dirived using the CLs method on a grid of A’ mass and coupling values

> The test statistic is the profiled likelihood ratio

Ls+b
Ly,
computed by maximising separately the numerator and the denominator with respect to the nuisance parameters:

the number of protons on TAX, the expected number of background events in SR and for L, the expected signal
yield.

g=—2In

> After unmasking, no events were observed in the validation region. The probability of a non-zero observation is
15%.

> After unmasking, one event was observed in the signal region. In the absence of a dark photon signal, the
probability of a non-zero observation is 1.6%. The two-track invariant mass of the observed event is 411 MeV/c..

> A limit on the number of signal event counts is obtained using Poisson statistics with negligible background,
accounting for the uncertainty on the number of protons on target (POT) using a Bayesian nuisance parameter.

> A limit on the number of signal event counts is obtained using Poisson statistics with negligible background,
accounting for the uncertainty on the number of protons on target (POT) using a Bayesian nuisance parameter.
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Model independent limit fora - u"u~

JHEP 09, 035 (2023)
arXiv:2312.12055

= The result is interpreted in terms of the emission of axion-like particles in a model-independent approach.

[Phys. Lett.

B 790 (2019) 537]

= Set limits in BR(B - K*a) X BR(a — u"u~) vs. 7, parameter space for each mass separately

= The result is found to improve on previous limits for masses below 280 MeV/c2.
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Model independent limit for a — e¢™e™ arXiv:z12.12055

= The result is interpreted in terms of the emission of axion-like particles in a model-independent approach.

[Phys. Lett. B 790 (2019) 537]

= Set limits in BR(B - K*a) X BR(a — e"e™) vs. 7, parameter space for each mass separately
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DP to hadrons
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Analysis strategy

2 hadronic track selection:

2 good quality tracks in coincidence with each other and with
the trigger

3

£,

>

BDT particle ID selecting hadrons (calo. and MUV3), RICH <f-‘
A

@)

200 . ~ Signal MC:
: . " A'(Bremsstrahlung)—z*7]

Production: ¢ ,, = 10°*
Decay: BR(A'—>r*7) = 1
Flat decay in FV (7 ,—>x)

used for tagging K

e
—
-
W

No in-time activity in LAV, SAV and ANTIO 100

decay vertex reconstructed in FV

5 3
Events /[0.5 M x 1 mm]

Search strategy: My

''''''''''
[ Py e [

Search neutral clusters in LKr and reconstruction of y, 79, n

based in time and opening angle

Vertex reconstructed from final states is in the NA62 decay

region and pointing back to the proton beam interaction point
at the TAX.
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Signal efficiency and expected yield

o where y,, . x(C,.) is X production probability for

reference coupling
In model-independent case X — 777 (BR(X — n7n7) = 1):
e P _,is the probability to reach NA62 FV and decay

NeyyMy, Ix) = POT Xy, x(C,0p)) X Py X Aye X A therein

trig
® A, XA, is the product between the signal selection

and the trigger efficiencies

;10_12 ! T lBlmleslor: dleclaylplfoc;ucltk;n-lgl ;1l0'l“ ;10_12 lBlmles:)nldc;.-ca;yIprlodlucltio'n — 30 ™ I A o [
5 BR(S—D.TI:JISI_): . 106 D g 10—2 NU : gin:ionn-decay production
O 10-14 v O qn5-14 @ S
mlO 103 © mlo 1073 2 %) I
L g L % E 20 I; ]
-16 -16 4 " . 5
10 1100 cu- 10 10-4 % 02 I 3
X O 10 _
10-18 ilo-m 10-18 10> © I I
10—'20 P m———— L a1 | INAIQZ Pre”mjna.r 10—'6 10—'20 1 L1 11 [ B | .rel.im.ir]a.r 10—'6 Omo.l..l. i BT INAI612 Preliminary
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Figure: Left: expected S — w7~ yield after full selection, assuming gps = 10~% and BR = 1. Center: acceptance after full

selection for exotic particles that reached the FV and decayed therein. Right: Mass resolution of the reconstructed exotic
particle.

Distributions obtained for 36 combinations of production and decay channels 37



Total background estimation

Background estimations with MC:
® combinatorial and neutrino-induced backgrounds: negligible contributions
* prompt background: inelastic interaction of halo muons can produce hadrons

* ypstream background: formed by particles that are collected by the GTK achromat

Channel | Nexp.cR £ 0Nexp.cR | Nexpsk £ Nexpsr | Noosr | N sracR

T 0.013 £ 0.007 0.007 & 0.005 3 4

L S 0.031 £ 0.016 0.007 4 0.004 3 5
Number of background rtn =m0 (1.3%75) x 1077 (1.2173) x 1077 1 1
events estimated at 68% CL | 7t7—7%0 | (1.617%) x 108 (1.6779) x 1078 1 1

mtmn (7.31279) x 108 (7.07%%%) x 1078 1 1

KtK- (4.7135%7) x 1077 (4.6135%2) x 1077 1 2

KtK—7° | (1.6772) x 107° (1.5F95) x 1079 1 1

background-free hypothesis not only at Npor= 1.4 x 1017 but also in the future full Run 2 dataset of Npor = 1018
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Background studies

Background estimations with MC:

e combinatorial and neutrino-induced backgrounds: negligible contributions
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Background studies

Background estimations with MC:

® prompt background: inelastic interaction of halo muons can produce hadrons

Estimation using data-driven backward MC with
measured u halo + unfolding for correct kinematics

MC size equivalent of POT = 1.53 x 1017 (exceeding the
data)

nwr outside CR (in ANTIO acceptance + no vetoes
applied):

¢ N,,=1.8x1.4vs N, =1 (Upstream region)
¢ N,,=0.20 £ 0.15 vs N, = 1 (FV)

After applying full selection the prompt background
expectations in CR and SR are below 104 in all channels

Channel Nexp.cR £ 0 Nexp.CR Nexp,SR £ 0 Nexp,SR
rtw (5.77.%°) x 107° (5.57.%%) x 107°
Ty (1.7735) x 107° (1.677%) x 107°
ata~ w’ (1.31'?'.?)) x 1077 (1.2f‘i'_‘3) x 10~ 7
(I S b o (1.6’*_’::3) x 10~ % (1.61’1‘.1) x 10~ %
mtnn (73t2710) x 1078 (7.Ot§§8'2) x 1078
KTK~ (4.773°%:7)y x 1077 (4.672°:%) x 1077
KtK—7n% | (1.6792) x 107° (1.5F50) x 1077




Background studies

Background estimations with MC:

® ypstream background: formed by particles that are refocused by the GTK achromat

_ x10°
E -
.g. B FV end n*n’(y) data control sample
E : : events not vetoed by ANTIO
N 160_— Ksé
/ - 3 upstream background subcomponents observed in the control sample in the Z;;, — m__\ 140 . -
plane: : ..
120 .«
* 19 interactions in the region upstream the FV : FV beginning
3 100 *e% * P %e Co ° * o
* 2 K¢ — n"n~ candidates | " Upstream region
' B

P S ST N NN ST TR ST T S S S SR SN N S N PR R B S T
8 K™ - n"n"n candidates, 6 of which identified as z777"and 2 as #7727y 00 300 400 500 600 700 800

m (., IMEVI/C?]
- upstream interactions vetoed by ANTIO acceptance and vertex location
- 'For KS 30 WindOW (i 5.7 MeV/Cz) Clround mKS kepf mCISked Channel Nexp,cR £ 0Nexp,CR Nexp,srR £ 0 Nexp SR
| [ ntnm 0.013 + 0.007 0.007 + 0.005
- K*-induced background simulated using selected single track K*forced to decay as | |77y | 0.03140.016 0.007 + 0.004

\. Kt — ztztn" in the FV
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Why we don’t have BC1?

After combining all the exotic particle production and decay channels, the expected number of events after full
selection for the BC-1 benchmark with the hadronic decays is below one event for all the masses and coupling.

Therefore there is no standalone exclusion counter for the hadronic decays at 90% C.L.. Nevertheless, the results
of this analysis is expected to improve the overall sensitivity of the NA62 experiment for the BC1.
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