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Why search for exotic particles?

With the d\scovery at LHC of the Higgs boson the last plece of the SM puzz\e has been settled

So far no evidence of New Physics af high energy has been found..
-but open theoretical issues and unresolved experimental evidences remain:

e Neutrino oscillation — Neuttrino non-zero mass
See-saw mechanism with RH neutrinos — Heavy Neutral Leptons (HNL)

° Ordmary matter does not account for all matter in the Universe — Dark Matter
If DM is a thermal relic from hot ear\\/ universe, can look for DM-SM interaction.
Possible d\/nam'\cs; vector (Dark pho‘rom, neutrino (HNL), axial (Axion-like par‘r'\c\e)

e Matter-Antimatter asymme’rry

Starting from an initial equilibrium baryon number (B) violation, C-symmetry and CP-symmetry violation are needed.

The amount of CP-violation in the SM is not enough and there are no experimental evidence of B-violation and
L-violation.
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Search for exotic particles at NAG2

NAG?2 is designed to measure the K™>1tuu branching ratio with 10% precision using a decay in
flight technique
See MPiccini's

+ o talk for more
Exper\men’ral: B(K"»>muu)=(17.3},7 )10 (Phys. Rev D 79, 092004 (2009)) details

Theory: B(K*>Ttuu)=(8.4+0.1)101! [(Buras JHEPT! (2015)033)

The high intensity set-up, trigger system flexibility and detector performance:
-high-frequency tracking of beam particles;
-redundant PID,
-ultra-high-efficiency photon vetoes

make NAG2 particularly sensitive to K™ branching ratio of order 107 and then suitable for
searching new-physics manifestation from different scenarlos in the MeV-GeV mass scale:
heavy neutrinos, ALPs, light DM particles and mediators (dark photons, dark scalars)
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The NA6Z2 experiment at CERN SPS
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'Ihe NAGZ experiment at CERN SPS

—_— ==== 30 Institutes ~200 parﬂdpam‘s from:; 1
- Birmingham, Bratislava, Bristol, Bucharest, CERN,|
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e Perugia, Pisa, Prague, Protvino, Roma |, Roma ||
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Data taking conditions
Commissioning run ~1% design
intensity. No beam tracker

Comm\SS\onmg run + Ph\/S\CS run
~30-40% of deS\gn \m‘ensn‘\/
All detector in

2017 | Physics run ~60% of design intensity
| 2018 | Data taking ongoing
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New-PhySIcs searches at NA6G2

e Heavy Neutral Leptons (HNLs)
e Dark Photons

o Lepton Number (LN) and Lepton Flavor (LF) violation in kaon decays

e Axion-like particles (ALPs) Triggers
Name Downscaling
PiNuNu 1
Multi track 50 \
Muon Multi 5
track Triggers for
Electron Multi 2 sear;hes of
track exotic
Di-Muon 1 / particles
Muon exotic 10
Non-muon 200
Control 400
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Heavy neutral leptons

A simple extension of SM to generate neutrinos mass is the Neutrino Minimal Standard Model (vMSM)

[Asaka-Shaposhnikov, PLB 620(2005)17) A 4 i
% u % C %

Add 3 RH neutrinos, N, with masses of the order or below the EW scale (102 GeW).
N;: , ~ 10 KeV — possible dark matter candidate
Nos: M,z ~1GeV — additional CPV-phases to account for Baryon Asymmetry

How detect HNLs:
Production: K — | + v, Decay: v, decay only in SM particles
Search for a peak inm2=m_ 2= P, -P) Viing ot I (v, — SM particles ) ~ IU,1> m,3
e | / element
MK — I v) =TK - V) - plm ) - U 12 For HN mass below 500 MeVi/c 2 the
dominant decays are :
Width of the K + leptonic ) VT Ov, VT P, VT e v —vvY

decay involving SM neutrino as

3f

In NAG2 the mean free path for K* — I* v, ,

2.5F

finematic 2 assuming U2 < 10* is greater than 10 Km —
P reraty ¢ heavy neutrinos decays are negligible

suppression

L. Ligaal M TS SRS SEE SERT AL | |
%50 100 150 200 250 300 350 400 450 500
HNL mass [MeV/c?]
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Heavy neutral leptons

Peak search in the mass spectrum m_ 2= @, Py
2015 data sample @ 1% of design beam intensity Minimum bias trigger, no beam tracker in)

107 —e— Data
e + +
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10° - Missing mass resolution o(m,)
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L o045
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soof-— — i K'— e vy \ i ]
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i f—etv < 02f o 14f
r 2 £ * et S ..
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; l l 08 015" Relaxed selection foy/ \ \ tof
200 | Signal region | N~ 3x1 o 117 300MeVIc =
AL I e e
r P T PPN IR I T A :"..‘\...‘].‘.;l,u.lu..l—‘.ﬁ‘min
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NAG2
Heavy neutral leptons

5
No heavy neutrino signal observed (—)' 10 E KEK (1984) NA62-2007
2 E K'>p*N, K'—=e'N (2017)
Ki— p* v, S H K'—-u'N
»
Improverment on UL in U | ©
107k
In HNL mass 250-373 MeV/c? D [ | TRIUMF (1992)
. i
+ +
K'— e* v, o A
Improvement on UL in 1U,\ - 107 bbb e e M
E This result
in HNL mass 170-478 MeV/c? [ K'SuN, K'—e'N
10°F
Analysis of 2016-2017 data ongoing E
- E949 (2015)
B PIENU (2017) e
Expected Improverments mainly thanks to ! r'—e'N el
the presence of the beam tracker i |
10'9llIlllllllllllllllllIlllllllllllllllllllllll

Expected sensitivity © (10°®) for both channels 50 100 150 200 250 300 350 400 450

HNL mass [MeV/c?]
INABG?2 collaboration, Phys.Leﬁ.B778 (2018) 137)
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Dark Photons

SM + extra U(D gauge symmetry with one extra gauge boson:
the dark photon A° which can mix with SM particles.

Free parameters: € and m,,
[B. Holdorn, Phys. Lett. B 166 (1986) 1961

Several signals of A" at NAG2:
- Search for invisible decays from K*, peak search in the missing mass spectrum (standard beam sefup)
K'—1r* A", A—vv by product of K'—mr*vv tMarciano ef ol PRD 892014)

K-, mP—Ay

- Search for visible decays in SM particles (production at target/durmp)
Meson decay from primary beam secondaries: pN—X, mo—AY, Al
Bremsstrahlung from primary beam: PN—XA, A—{*"
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Dark Photons: Invisible decays |

2
M miss m

=(PP vPY)Z}

K- , mP—Ay with A—invisible 0'18;_ Control trigger
“"F 2y on LKr _
Search for missing mass peak *= Simulate 1y lost M(; SIgré?)li/-leV
) 0.12f o M=
Signal: 1 track with 15<P_,<35 GeVic E N — m, =90 MeV
1 photon In LKr+Missing energy ace- —my =120 MeV
Main background: K—mrm® , wl—yy 08
072 E o.ozé J ! %
E -8351 oots oo o0 0 E '(')0“05““'5‘01 0015 002

I T T TTTT

M2 (GeVRIc)

10>

Results from 5% of the 2016 dataset

Q}"» 1\5A62 preliminary —g 10
) . @‘3 (5% of the 2016 dataset) ] NK~'|5 x 10

oo | No significant excess observed at 90% CL
104 - -

: " New Limit in the (e/m,) plane

I | Analysis with full 2016 data ongoing
10—5 Lol Ll [

16~ 107 10™"

i (Gev/czgO
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Rare decays and LN/LF violation: K— muu

—_——

—_

K'— '™ worlds largest sample
Present measurement: BIK'— 1 u u)=(94+06)x10®

ey

Events / (1 MeV/c?)

is limited b\/ the data size Q1K candidates) [PLBEO7 (201 1071

N~63 x 10" (partial dataset)

46K candidates with
o(m_ =12 MeV/c? and no background |
With full dataset expected ~20k candidates 1000 ks a0 a0 5 500 820
&>§105;* _.;D?ta'+ &
K*— 1" u* not limited by the background 4 —iagidoly
SES 2 x 10™ improved over the current limit UL=86 x 10 g _
[PLB76O Q01D 671 10°F g
sensitivity © (10™) for lifetime up to Ins “
102

1 |
380 400 420 440 460 480 500 520
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Rare decays and LN/LF violation: K— mree

= s L | e R T e
g E ] K’::‘:": ;:sze?e‘e' g 60;_ g 2:_ g
w | | K'»rn®, ©—e'e” ‘ w 50% 1| 5 aa;‘
) i
W‘H Il 20 E
1 ok i 05
i E + [
I P I ) e 700 o
Kr— mete K= 1retet
N~13 x 10" (partial dataset) Is not limited by the background
2
13K candidates in the m,, mass region > 140 MeV/c SES 0f 2 x 10™ s achleved improving
o(m_ )=17MeV/c? and 8(m_)/m =0.004 on the present limit UL=64x 10™°
[PRL8S (2000) 2877
First observation in the kinematic region m, < M0 MeV/c?
thanks to the suppression of the decay chain K'— 1rpe ongoing analysis
Ki—trtm®, , mO—e’e’y by the photon veto system N~23 x 10" (partial dataset)

SES close t0 10 for all channels
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NAGZ in dump mode

X [m]
) ] Primary verfex
1 -
Standard
" bearm mode
1
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2 Decay
=~ Region
-{r)_“ 1(;0 1%0 2(;0 2%0
X (m] Z[m]
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1 -
Beam Dump
0 mode
1
Dump
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Prospects for Heavy neutral leptons

Search for long lived HNLs produced in the TAXes decaying in v, —1TH, v, —TTe

Ni 10} ,,:’*‘"\’? S

102 W/ AT 102p
10° 102 ¢
107 104 |
10° 10°)|
10°¢ 10‘2— |
107 w7 - NAG2
10° 10“;—,. ........

9 -9 |
10" B R N 1 i T
12— ——— ol 1072 — e 10 102

10" 1 10 10° 10° 1 10 10° m, [GeV]
vz =521 ™M e = 1:1638™%Y vz vz = 0.061:1:

P AU, = 5211 IR TR = 116 U%:U2,:U% = 0.061:1:4.3

Normal hierarchy of active v masscs Normal hierarchy of active v masses Normal hierarchy of active v masses

NAB2 estimated sensitivity for 10* POT assurming complete background rejection
for three scenario in which the HNL has the strongest Yukawa coupling for a certain flavor than

the other two [shaposhnikov, Gorbunov arXiv:07051729v2)
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Prospects for Dark Photons

Visible decays of long-lived A" produced from Interaction into target/dump

NAG2 estimated sensitivity for 10 POT
Search for displaced, dilepton vertex: A—pp, A—ee o 107 Yy

W 105 L NASSE K
107°F, N\, P lnNASKIGOEAL M .
in the fiducial volume s, E\ ksl o ’(f (- :Ea.-.
! Y- . :';d‘:‘_—,-‘f.':\“'."_,_‘: :l:"_.\_'rﬁ_';% 3 -.-'ﬁ.‘:.:,-.-- -’EE,T" "
o0l o Ve : J

Sensitivity assummes: : "
10'® proton on target (POT) (equivalent of 1 year of runningy 107"}
geometrical acceptance -

10 ¥ ~— NX6Y".
zero background assumption [— e regiors b san -

.. lonly Ipdin& mesan decuys) ]
vem Belle 1l 50 35 7\ 20 <
- 15 H - = = LHCb. 16fb , 2023 L geeet™
(Preliminary studies at ~ 5 x 10" POT show no residual background) 10 V= s 223?:?20
] ... SeaQuest, 2017.2019] N
VEPP. progased

The expected improvement is particularly relevant in oo ff:c s 50

the mass region of several hundreds of MeV. = - . ]
1 10 10° 10° 0
m(A") (MeV/c)
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Prospects for ALPs

ALPs possible candidate for cold Dark Matter

Pr\marykoﬁ’
ALPs produced In dump mode directly in TAX production
(photon fusion)
via protons-nucleus elastic scattering __ ~—_
Z L
10 2
ALPs decay In o—2y In fiducial volurme
19-2 1 NABZ sensitivity with
- 10® POT

- assuming zero background
- accounting for geometrical acceptance

NAG2 10" POT

Expected improvements already with 13x10'° POT a day rum

Analysis of 2017 beam-dump data \s ongoing
[~5x10® POT)

10-2 1071 109
my [GeV]
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Summary

NAG2 can contribute In searching for exotic particles and in probing the SM with a large variety of
processes.

A broad physics program has been set-up for 2016-2018 data taking and good results are already obtained :

- HNLs: new limits with 2015 data in both K'— p* v, and K*— €* v, (@nalysis of 2016-2018 data ongoing)

- Rare decays: analysls of 2016-2018 data ongoing. Largest sarple of K'— 'y,
- LNV/LFV decays: analysis ongoing. With full statistics expecting to reach sensitivities up to 10™
- Dark Photons: preliminary results. New limits with ~ 5% of 2016 data sample

A physics program for a possible future running after LS2 is under discussion, Including:

- standard beam mode: to achieve ultimate sensmv\w on K'—1rvv and increase sensmv\’ry on LNV/LFV
searches

- beam-dump mode for hidden sector searches (10'® POT)
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HNL

S uared HNL mass [GeVz/c ] Squared HNL mass [GeVZ/c ]
Mass scan STeP of 1 MeVi/c? o580 005 : 010 0.15__ 0.20 0.06_0.07 0.08 oqog 0.10 0.11 0.12 0.13__
% K C1 02 ; Expected events: N p+E‘3N
3 K ‘?’ : xpecte % i
Number of observed events 200 5 | e T g/ogg)
: | -
In each HNL moss hypothesis 2150/ ﬂ E N @ -
i r Wil v
evaluated within 150, window fo0r o . RERA W
r 10 \ [ A
a8 k A : L \ 14
Background estimation comes from 7 Pad A WC) %&“ ? i S | \
i N |} \,\VN
polynomial £t of data missing 200 250 NL ass hypothesio (MeV/e) 200 20 R mass nypothests Mev/c?
mass spectrum Bt N)=BE— PO, 12
Uncer’ram’ry ~10 % due to:
Ny =N Bt NIAY
limited size of data /
sys‘rema’r\c (assessed with ‘roy MO N&=N/A® B —evHAF BK'—p'v))  NH =N /(A“ B(K —p*v))
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Zero background assumption

Sensitivity for channels with visible decays for HNLs, Dark Photons and ALPs searches, are based on the
assumption of zero background for 10 POT

Preliminary study with data (10 POT) using combinatorial background to A—pp from muon halo

20

Selection:

PCAvsZTotalMRho10EVeto1

NA62 - ' .. Entries 75

. : i Mean x 1.315e+04
preliminary - : Mean y 7.02 :

3 Std Dev x 4039
' Std Dev y 5.706

18

16

- 21racks with opposite sign (quality and acceptance cuts)

14

- vertex far from the beamline (qual\’ry cut)
- Photon veto (IRC/SAC/LAV)
- Upstream charged particle veto (CHANTD

10"

—

- Total momentum from target

Imp param p,,; to beamline [cm]

102

D
_1_|TlIII|III]III|III|IlI|III|III|III|III

1
3

0 vl de v b b b v e by b v b b Py |

0 2000 4000 6000 8000 1000012000 14000 16000 180002000022000 24000
z of closest approach p,,; to beamline [cm]

Zero events selected in the signal region for 10® POT

Assum‘g’r\on valid for 10™ POT in standard running
(4x10™ POT in dump mode)
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