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NA62 experlment (decay-ln ﬂlght) charged kaon factory
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Main NA62 goal: K*—n*vv measurement to 10% precision 2015: commissioning
with a novel decay-in-flight technique. NA6- e
Currently ~300 participants from ~30 institutions.
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NAG62 1n the standard mode
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>SP £ 4 straw-tracker stations
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»Upstream detectors (K*) >»Downstream detectors (")
KTAG: Differential Cherenkov counter for K* ID STRAW: track momentum spectrometer
GTK: Silicon pixel beam tracker CHOD: scintilator hodoscopes
CHANTI: Anti-counter against inealstic beam- LKt/ : calorimeter system
GTK interactions RICH: Cherenkov counter for r/u/e 1D



NAG62 1n the beam dump mode

>SPS beam
400 GeV/c protons
3.5s spill

Standard setup

: TAX
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i Beam-dump setup L
- TAX Beam dump prerequisites: 2021 Run:
- * Beam line optimized in 2021 * 10 days in beam dump mode
| No targetl. II . . . .
P (improved sweeping, higer * 3.2 m Cu-Fe colliamtors
intensity) (TAXes) used as target
B » Single and 2-track trigger  1.4x 107 POT collected
based on CHOD
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Control trigger based on LKr -



NAG62 recent results

> Main goal: ~— D.Madigozhin’s talk
K" - " vv process [

JHEP 06 (2021) 093; JHEP 03 (2021) 58]

> Precision measurements of the rare decays:

- K" > rtutu [JHEP 11 (2022) 011]

- Kt —>eta’vy [JHEP 09 (2023) 040]

- K" > nfefee’e [PLB 846 (2023) 138193]

- Kt> r1tyy [PLB 850 (2024) 138513]

> LFV/LNYV processes:

- K"> nue [PRL 127 (2021) 131802]

- Kt> -1t~ [PLB 797 (2019) 134794; PLB 830 (2022) 137172]
- Kt> r-rnlete" [PLB 830 (2022) 137172]

- Kf>uve'e' [PLB 838 (2023) 137679]

> Beam dump searches for DM:

« A-> ut [JHEP 09 (2023) 035]
- A —>efe- [arXiv: 2312.12055]

> Search for pair production of hidden sector meadiators X = a, S

- K-> XX, X—>e¢e'e- [PLB 846 (2023) 138193]



» Searches for New Physics
in the standard mode



K™ — u veTe™ in New Physics

LFV

NP models:
* Majorana neutrino

LNV+LFV

W+

NP models:
e ALP
° Z’

e+



Search for K¥ —» u~vete™

SM: M(tete™) LNV: (P — Py= - Pyt - Py+)?
T % |[~Data .
Data: 21 o* . =102 i K:—m:n:”n:
Run 1 (2016-2018) S ° Hmkowm |
£10° S [[Kormee | 4
Main features: i £
* Blind analysis 10 @ 10 | o
« A(sig) = 1.44% -
e N =1.97(7)x10%2 105 0 gy Vo..Y
- SES =3.5x10"! : |

dog I

300 350 400 450 500 550 ~0.02 -0.01 0 001 002 003 004 005

Normalisation: m(r*e*e’) [MeV/c?] m2,., [GeVZ/c?]
« Kt - mtete”
« N(K*—> m*ete™)=10975 SR Nopservea =0
Br(K* - pvete') <8.1x10711(90% CL)
E ted back d:
NXE%C; ( 4)a CRETOHT * Factor of 250 improvement wrt previous limit: Br < 2.1x1078 (90% CL)

» Not sufficient to constrain NP modes with Majorana neutrinos, ALP and Z'
[PLB 838 (2023) 137679] 8



Kt - mtetete e~ in Standard Model

™
/s

”~

K+ d
Kt->ntn® % ->yy, y - ete” -

 (mTetete~e™) final signature
« M(etete e™)=M(n?)
« Br=(69 +0.3)x107¢ (1) K*>m*y*
* Used for normalization One photon exchange

/ot P
Dominant amplituted for K* —» ntetete"e™ in SM 7 -7
 Outside M(r?) region: one photon exchange l_{ +_ o K i i -
«  Near M(r?): resonant two photon exchange e

7TO

Current analysis: (2a) K*>mHy*y* (2b) K*—>m*n0*
* Resonant two photon exchange suppressed by kinematic cuts Two photon exchange Two photon exchange

«  Br(non — resonant SM, expected) = (7.2 + 0.7)x10711 (non-resonant) (resonant)



K™ —» mteTeTe e~ in New Physics

QCD axion a L._/

e K*> nttaaq,a » ete” \ Y\

* Provides explanation for the 17 MeV anomaly:
« Inthiscase Br(Kt - ntaa) >2x1078
n+

Dark scalar S and dark photon A’ *

« Kt> n%5,S - A'A,A —>ete” > /,/ e

- A
* mg =2my S\'\--{ "
« A’ should decay promptly A’ F\ .
o
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K™ —» mTe%eTe e~ analysis strategy

= o)
RS —-e-Data s oo,y
2 WK ->rtrlnl g 10° Toeees
Data: 2 -K+%+n8n§D- N .
N K'>n'nln Z
Run 1 (2017-2018 , SKommr| 3 |
( ) "UE) BK-r'n -qc-; 102 -F
o >
5 (i

v WK —nr Dggv I S v
. m K+—>WEDH+V ‘ -
Main features: CK'snnne | i
|:| K+—)TC+TCO 10k

» 5 track without PID, just kinematic cuts 0 -
o K+—>n§u"v C * H
WK -nletv | L

* Kinematic variables: I | —

Myae = M(meeee),A p = p(meeee) — pg 1  :: : K e | 1£ bbb
* | Megee — Myo| > 10 MeV e g
* Masked signal region in terms of my4, and A p -l N

107"
« A(sig,SM) =1.85x 1074 - 5 R - a e
* NK = 8'58(46)X 1011 mn’4e[ eV/Cz] 10 ° 10 20 32p =4gvene5:9pbea6m0[Ge7\9/C]
Normalisation:
e Kt ntn® n% - yy, y - ete” SR: Ngpservea = 0
* | Megee — Mmyo| <10 MeV

* N - n'n® 1% > yy, y > ee”) = 2023 Br(K* — m*e*ete"e™) <1.4x107°(90% CL)

Expected background:
. N=0.18(6) * First upper limit
* Factor of 200 far from Br(SM, expected) = 7.2 x 10711
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Kt - nttetete e : NP limits

Mass scan:

Multiple hypotheses tested

10 < m, <170 MeV,5 MeV step
20 < mg <340 MeV and

10 < my <170 MeV,5 MeV step
CLs to set UL (Br)

Kt - nts,

UL at 90% CL of BR(K —»x*a,.a,,) x10°

o
[3)

Kt - ntaa, S - A'A,
a - ete” A - ete”
35, T
- 3
= T R T T R T e =300F
3f ="
- m Eess
L 3250_ I R
2.5:_ ................................................................................... w

- 200 .............................................................
- 150 — ? I T é _________________________
K ; 10°°
- 100_ ; ........ ;mwm+mmm{ .................. E— g .........................
: g 4 e
B | : L1 I L | L | L ! L I L ] L _I E [ | [ | L1 | 111 | L1 | 11 | [ 1
20 60 80 100 120 140 160 20 40 60\ 80 100 120 140 160
Axion mass [MeV/&] A’ mass [MeV/c]
17 MeV anomaly Myo TEGLOT:
Explanation with QCD * Low acceptance due to
axion excluded | Mecee — Myo | > 10 MeV

* Excluded from the search |»
[PLB 846 (2023) 138193]



%107
=0.35

K™ — m*yy decays N B
N |
0.25(
»Rare decay that allows ChPT tests at O(p®) ° .
o : : Pgx(Qy, —Qvy,) b
»Main kinematic variable: z = myzy S 2;12 12 0-2¢
K
»Br(Kt — mtyy) at O(p®) parametrlzed by a real parameter ¢ 015
" T N B
K > mhyy y2Indf = 29.6/30 o A T
2003_ K- i After signal selection: 0 0.1 02 0.3 0.4 0'52
- K — 1m0 N, = 3984 events -
1501 L ! sz;p =291+14 events Bry=(9.61 £ 0.155, £ 0.07y5) X 10 ’
100; l l Improved precision, by a factor > 3, statistically dominated
L) E787 (1997)
5o + 31 events °
jj_l_l_'_‘-“,“—,-_-‘.! . NA48/2 (2014)
O|||||||||||| — 149events _._'
Qi T I
=l NAG62- 2007 (2014)
£ 13]‘%_1_%—}-{—#]:}%%4 +++ +F ++++_H~ ------ 232 events S
a8r
0.6 11 I L1 1 1 I L1 1 1 I L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 | | NA48I2 + NA62-200"’ 2014
02 025 03 035 04 045 05 361 events (2034
The parameter € is measured in the ChPT O (p*)and 0(p®) descriptions by performing bfAGZ (2025)
aminimum — y? fitof K* - w*yy MC to data: 3984 events e
* ChPT O(p*) p — value: 2.7 X 1078 — not sufficient to describe the di-photon mass spectrum B T I R T R T R R e A
* ChPT 0(p®) p — value: 0.49 B(K*'— mryy)x10’

=1.144 £ 0.069;,; *+ 0.034;,; ChPT ¢ results [PLB 850 (2024) 138513] 13




First serach for ALPin K™ — mwta,a - yy decays

> Peak search over m, = /(Px — P;)? in the range 207-350 MeV/c2in steps of 0.5 MeV/c?

» mg resolution: from 2.0 MeV/c? to 0.2 MeV/c? across the search range

» In each m, hypothesis background estimated from simulations and UL on number of signal events set using CL, method
-9

x10 10"

14 —— Observed UL ; eeseesiracnaneased L

BCl11

2

- Expected UL +1c Prompt a - yy decay :
a~JG

-
N

______ | (e =0)
Expected UL +2¢

-
o

B(K'—n*a)xB(a—yy) at 90%CL

8-
6 107
4 E_
- 10_5 NAG62 results
2:__. *s. B K >nta, a>yy
L S -K+—)7T )(mv
: ! ! l ! I I L i AR | L | L1 10—6 L ]V1987A R . - Tt _)XIIIV ‘
200 220 240 260 280 300 320 340 0 50 100 1 50 200 250 300 350
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» First UL on Br(K* — m*a) assuming prompt a — yy decay (1, = 0)

> Limits on the coupling strength f:* ~ 7;%° of the BC11 scenario (PLB 850 (2024) 138513]



» Searches for DM
in dump mode



DM searches at NA62

Dark sector portals and mediators

Vector portal — dark photon
Scalar portal — dark scalar
Neutrino portal - HNL
Axion portal > ALP

DP searches (@ NA62

DP produced in beam-TAX interactions
(bremsstrahlung, decays of secondary mesons)
Search for DP in decays to a lepton pair
Two free parameters: mass and coupling &
Sensitive to m < 600 MeV (where decays to leptons dominate)

1.0

0.8F

B(A" - SM)

0.4F

-
0.2F

0.8.

—— A'sete-
— A-sutu-
—— A’ - hadrons

0.2

0.4

0.6
M, [GeV/c?]

0.8

1.0
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Dark photon searchin A’ » u"u~ and A’ - eve~

Analysis strategy

e Lepton-antilepton vertex in the NA62 decay region

* Dilepton momentum pointing back to taxes

* Kinematic variables: Z;,, and CDA¢gy

* (DA, closest distance of approach between beam and dimuon
direction, ocpg = 7 mm

*  Ztax: Z coordinate of the beam-TAX interaction vertex (calculated using
CDA),0, =55m

« Signalregionfor A" —» utu=:6 < Ziy <40m & CDApyyy < 20 mm

 Signal region for A’ —» e*e: ellipse centered around

Zigx = 23mM&CDAtgy = 0 mm

Expected DP yield
Nexp = POT X x(pp » A") X Br(A" - .u/l)xprd(e)XAachAtrig

 POT = 1.40x10%7

*  x(pp — A"): DP production probability

* Br(A' — uu): DP decay branching fraction

* Prd(e): probability to reach the NA62 decay volume and decay there
* A, signal selection effieciency

*  Agig: trigger efficiency

T 60
E - A-sutu IO.3
E 50— —0.25
< - |
D L
O 40—
30;
20
T
92_0 -10 O 10 20 30 40 50 60 70
Zrpx [M]
AI N e+e_
£200 T T NAGZ Prefimiiary]
= e g B W
—150 =
x
<
<|(- E
&5 100F
o [
50
920

Fraction of events / [1 m x 2 mm|]

Ev./[0.5 mm X 0.5 m]



Background studies

Combinatorial background

*  Two uncorrelated “halo” muons
e Dominant for A’ - utu~

CDA sy [mm]

Expected background for A" - utu~

Combinatorial Upstream-prompt

0.17 + 0.02 <0.004 <0.069
0
SR 0.016 + 0.002 < 0.0004 <0.007 =30 0 50
Prompt background

* Secondaries of a muon interaction with the traversed material
e Dominant for A’ - ete™

Expected background for A" —» e*e~
kag =9.7+213 x 1073,
Nirg = 947256 x 1073

CDAtax [m]
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0.4Illllllllllllllllllll
0.3 o ) . %
0.2 ’ ’ ’ ?
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Results on DP searchin A’ — [T1~

A" > ete :Nys =0
A" > ptuT: Nops =

— 60 —
€ €
E t 0.0012 £
- r o
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a{ F 0.001 ¢
© 40? 0.0008
s0p 0.0006 3
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20 0.0004 -2
[ [%)
F g
I w

10/~ 0.0002

|
I\)O
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Zrpax [m]
ALP interpretation fora — [*1~
* Previous limits extended
e Sece spare slides for details

&
_
o

4
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Conclusions

Search for NP in the standard mode

% Kt > u vete :UL(Br) < 8.1x107 11, factor of 250 improvement;

Kt > ntaaa- ete :UL(Br)for 10 < m, < 170 MeV,
explanation of the 17 MeV anomaly with QCD axion exluded;

$ Kt > natS 5 AA, A - ete:UL(Br) for 20 < mg <340 MeV,10 < my, < 170 MeV

Search for NP in the beam dump mode

< NAG62 collected 1.40%1017 POT in the beam dump mode in 2021;

% Dark photon search performedin A’ - u*u~ and A’ - e*e™ decays;
¢ Obtained upper limits exclude new regions in the (&, m) parameter space

Plans:

* NAG62 physics Run 2 started in 2021 and ongoing until CERN LS3, data analysis ongoing
« Beam dump data analysis: search for exotic particles decaying to (y y), (m"m~y) states

Thank you for your attention!
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Precision measurement of the rare
K™= 7"yt ir and K™ — 77yy processes

[JHEP 11 (2022) 011], [JHEP 06 (2023) 040], preliminary, arXiv: 2304.12271



K™= 7"y u~ decays

> Heavily suppressed FCNC transition: s — dI*l
» FCNC decay described in the scope of ChPT,

Events / (MeV/c?)

mediated by one photon exchange Ko7 ¥

: : : : 2
> Mainly kinematic variable: 7 = T(nz )
K

» Chiral Perturbation Theory (ChPT) parametrization of W(z) at O(pf):
W(z) = Ggmi(a, + b,.z) + W (2)

Main goals of the K* —» z*u 4~ measurements with NA62:

> Model-independent measurement of the B(Kmup) branching fraction O 1 4@, ML LA MM B B _
> Measurement of the function |[W(z)|? = t i
> Determine the Form Factor parameters a, and b.. % L2 g e —
> Forward - backward assymetry a 1 )
After signal selection: 0.8l , o —
N,ps = 27679 events ‘ m ]

bg Svens 380 400 420 440 460 480 500 520

m(mup) [MeV/c?]



K™ — 7" 1r decays: Results

T T T T [T T T T [T T T T[T T T T [T T T T[T

Statistical+systematic errors
Statistical errors only

|IE

Central value and total errors

PDG average (2022), without NA62 result

E787 (1997)

——t
207 events

E865 (2000)

430 events

HyperCP (2002)

110 events

NA48/2 (2011)
3120 events

NA62 (2022) "
27679 events

4 5 6 7 8 9

10 11

B(K" - mut ) x 108

Bﬂ““ — (915 i 0-O6stat) X 10_8

Form factor parameter b,

-0.5

-1

-0.64-0.62 -0.6 -0.58-0.56 -0.54 —0.52 -0.5

illl

e NAB62 (mpp)
68% CL contours:
NA62 (rup)
o | NA48/2 (mup)
NN | NA48/2 (nee)

— — EB865 (mee) (stat. only) f

Il|l|ll|l|l|||ll||l

Form factor parameter a.

a, = —0.575 + 0.0124;
b, = —0.722 + 0.040,4

Normalized entries

_ N(cosb, > 0) — N(cosbg, < 0)
~ N(cosb, > 0) + N(cosbx, < 0)

AFB

[JHEP 11 (2022) 011]

T T T T I T T T T I

—— K, Data

] SM prediction

0.5 0

0.5 1
cosb,,

App = (0.0 +0.7¢,0:) X 1072 @ 68% CL

NEW: | App | <0.9x1072

@ 90% CL upper limit*
UL published as addendum [JHEP 06 (2023) 040]
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Searches for Lepton Flavor and Lepton Number
Violating (LFV/LNV) processes with NA62

[PLB 797 (2019) 134794], [PRL 127 (2021) 13, 131802], [PLB 830 (2022) 137172], [PLB 838 (2023) 137679]



LFV/LNYV searches

Theory: Violation of Lepton Number (LNV) and Lepton Flavor u
(LFV) conservation laws predicted in BSM models u - u

(for example via Majorana neutrinos or leptoquark)

> NAG62: several channels studied with RUN1 data

wl
/}

3
Q.

> Analysis: key points — tracking resolution and particle I ly
identification T _
K* - 7t utet (LFV) K* - 7 ¢t¢% (LNV, AL = 2)
> Result: no signal observed — 90% CL Upper Limit (UL) on
Branching Ratios (BR)
Decay channel BR UL Expected background Observed | Improvement
PDG 2019 (by factor)
K" - mute” 50 x 101 4.2 x 10-11 1.07 £ 0.20
K* - nrue* 52 x 10-11 6.6 x 10-11 0.92 £ 0.34 2 8
0 - e’ 34 x 1010 3.2x 1010 0.23 £ 0.15 0 11
K" = mutut 8.6 x 10! 4.2 x 1011 0.91 + 0.41 1 2
K* - mefe” 64 x 101! 53x 10! 0.43 + 0.09 0 12
K* - n-nlete” N/A 8.5x 1019 0.044 + 0.020 0

K* > pvetet N/A 8.1x 10! 0.26 + 0.04 0 »



ALP interpretationof a - u*u~

a: (pseudo)scalar produced in B decays
* Free parameters: m, T, coupling
 Set model-independent UL on Br(B — K a)XBr(a — u*u™) for each (m, 7) combination

_ —6.0 —r—r—r—y D e S e r—r——r—r—r— —r—r—ypr—r — T +—r—r—7 ———— T
U -
R l | | - J
2 [ M,=220 MeV/c?| | M,=240 MeV/c? | | M,=260 MeV/c? | | M,=280 MeV/c? |
::: _6_4 - B - - v B
=
=
~ L
2 =68 HCb "LHCDb "LHCD
(4]
x
z’a _7 2 — — - — - — — —
x$ 4 L
T | | | ] !
) CHARM CHARM | | CHARM [ CHARM
§ —76 -4 - - > b
= | — NA62, 1.4 x 107 POT | — NA62, 1.4 x 107 POT ! — NA62, 1.4 x 107 POT ! —— NA62, 1.4 x 10*” POT
ot PR USRS W SR S S — PR ST S U S —— PURRT RN U WS R S S—— oo S EENENRSrere— -
8.0 > 3 a 2 3 4 2 3 4 2 3 4
Logi0(T,) [pS) Logio(T,) [ps] Logio(Ta) [ps) Logio(Ta) [ps)

Limits of previous experiments extended for m < 280 MeV
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ALP interpretation of a —» ete”

a: (pseudo)scalar produced in B decays
Free parameters: m, T, coupling
« Set model-independent UL on Br(B = K a)XBr(a — e*e™) for each (m, T) combination

Limits of previous experiments extended for 10 < m < 800 MeV

C)‘ —4 Py I""V_V’Y_'_'_'ﬁ_'_‘_v_ ﬁTY_'ﬁ_V_ - 2 g am am Y_ﬁ_Y_VWﬁ'_""_V_T_T"ﬁ_V_ r VVVVVVVVVVVV "'V'V’VTY—V—V—V—V"Y—V—V—V_V—‘ rv"’f' V‘Y'V'V"V'Y v‘v"v"vﬁ—v—v—v—r—vﬁ—v—v—

2 | CHARM | CHARM | | CHARM | | CHARM |

3 l. L

— I

| »

>_s 1t L &

. L .

T |

S | [L t

o . b

G T

x - L {

.8 1 T [L 1 T

L !

< [ 1 |

t !

s | I | |

& \ | |

= I ‘ 1 [ 1 |

§ -7+ M,=10 MeV/c? 4 F  M,=40 MeV/c? 1 | M,=200 MeV/c? 1 F  M,=800 MeV/c? .

- | ] | L 1 | NA62, 1.4 x 107 POT
[, Ll - sl aaalaaaal L4 0 a a8 aaaaloaaalasaal aa ] ! ] L 1 ! ! -
0 1 2 3 4 5 0 1 2 3 a 5 0 1 2 3 a 5 0 1 2 3 4 5

Log10(Ta) [ps] Logio(Ta) [ps] Log10(T,) [ps) Logio(Ta) [ps])
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CDA; 5y [mm]

\ 10-3 v - . v ——
Dark ph hes: A » utu~ 5
ark photon searches: U u | T sz e
1079 e A’ =, exp. 1o
a A’ =, exp. +20
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The NA62 experiment (@CERN
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Run 1 integrated luminosity
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> High precision fixed-target Kaon experiment at the CERN SPS
» Main goal: K — 77 vv decay measurement
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2017 2018

> Broad physics program:

- Other rare charged kaon decays
- Precision measurements

- LFV/LNYV searches

- Exotic searches (FIPs, Dark photon, etc...)
The CERN accelerator complex
Complexe des accélérateurs du CERN
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A wmJ > 2008: NA62 Approval
e K g == e > 2014: NAG62 Pilot Run (partial layout)
= ’;-mm\ Ty isoLDE > 2015: Commissioning run
=D = > 2016-18: NA62 RUN 1 data-taking completed
| >< = > 2021+: NA62 RUN 2 ongoing
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