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Energy & precision frontiers

Discovery of a Higgs boson: success of the Standard Model (SM)
No roadmap and “guaranteed discoveries” any longer: a data-driven era

Limitations of the SM: :> “New physics” extensions:
SM matter ~ 5% of total mass-energy undiscovered particles

Searches for New physics: two complementary approaches

/ Precision (intensity) frontier

Energy frontier (LHC) Low-energy observables:

Direct production of new particles tests of precise SM predictions
in high-energy collisions. for rare or forbidden processes.

A unique g g
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The precision frontier: kaon physics
The kaon:

¢ One of the lightest unstable particles (discovered in 1947);
the “minimal flavour laboratory”.

¢ High production rates: high statistical precision.
An example of rare K decay measurement:
BR(K,—>e*e™) = (9+5)x10-12. (BNL E871)

% Essential in establishing the foundations of
particle physics (quark mixing, CPV).

¢ Current focus: searches for new physics

with rare and forbidden decays. Example: K — pre”
I'x gx Mw\* "’ wt
Tree-level process: Tenr ~ (gw - Mx) x <
For gx =~ gw and B ~ 107 !2, 8 S
Mx ~ 100 TeV d -
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Kaon physics facilities

BNL CERN IHEP Protvino
E865, E777, E787, E949 | | NA48, NA62, LHCb ISTRA+, OKA, KLOD

KLOE, KLOE-2 E391a, KOTO, TREK
A variety of experimental techniques:
K decay-in-flight (e.g. at CERN), stopped K*, ¢ factory
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Kaon programme at CERN

Earlier: NA31

1997: €’/e: K +Kq

1998: K, +K,

1999: K +K Ks HI

BNl discovery| (2000: K, only | KsHi

CPV | [2001: K+Ks  |KHI

% NA48/1{ 2002: K /hyperons

2003: K*/K-

2004: K*/K-

| NA62 2007: K*/K*,, |tests

B R, phase

2008: K*,/K*,, | tests
\.

r
2014: pilot run

Kaon decay in flight experiments. NA62-

2015-: data taking

NA62: currently ~200 participants, ~30 institutions L

5

E. Goudzovski / Birmingham, 2 November 2016



K* decay experiments at CERN

Experiment NA48/2 NA62 (R, phase) NA62
(K*) (K*) (K*)
Data taking period 2003-2004 | 2007-2008 | 2015-2018
Beam momentum, GeV/c 60 74 75
RMS momentum bite, GeV/c 2.2 1.4 0.8
Spectrometer thickness, X, 2.8% 2.8% 1.8%
Spectrometer P kick, MeV/c 120 265 270
M(Kt*—>r*r*n) resolution, MeV/c? 1.7 1.2 0.8
K decays in fiducial volume 2x1011 2x1010 1.2x1013
Main trigger multi-track; | Min.bias + K., * ..
Kt>ninOn0 et
N— - ~— -

The NA62 experiment

Y
The NA48 detector
% Main goal: collect 100 SM K*—n*vv decays, BR¢,=(9.11+£0.72)x10-11,

New detector

Buras et al., JHEP 1511 (2015) 033

< Current K*—n*vv experimental status: BR = (1.73 {52 )x10-1° from

7 candidates with expected background of 2.6 observed by BNL-E949.
PRL101 (2008) 191802 6
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NA48/2 and NA62- RK experlments

2003-2007: charged kaon beams,
the NA48 detector

Narrow momentum band K* beams:
Pc= 60 (74) GeV/c, 6P/Py ~ 1% (rms).

% Maximum K* decay rate ~100 kHz;
v NA48/2: six months in 2003-04;
% NA62-R,: four months in 2007.

Principal subdetectors:

Liquid krypton calorimeter

Hodoscope
Drift chamber 4
Anti counter 7

s Magnetic spectrometer (4 DCHs)
4 views/DCH: redundancy = efficiency;
op/p = 0.48% @ 0.009%p [GeV/c] (in 2007)

% Scintillator hodoscope (HOD)
Fast trigger, time measurement (150ps).

Helium tank

Drift chamber 3

¢ Liquid Krypton EM calorimeter (LKr)
High granularity, quasi-homogeneous;
oe/E = 3.2%/EV2 @ 9%/E @ 0.42% [GeV];
o,=c,=4.2mm/E"2 @ 0.6mm (1.5mm@10GeV).
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The NA62 experiment

Un-separated hadron (p/=*/K*) beam.
400GeV SPS protons (10'2/spill);

K*: 75GeV/c (£1%), divergence < 100urad.

800MHz beam rate - 45MHz K* rate -
5MHz K* decays in fiducial volume

Vacuum tank

GTK: beam
NA62UK spectrometer \

Tyget ﬂ \4 l

KTAG

Iy I h
t r—’H Vacuum: p<10-> mbar ____,__,,/)I/~

LAV:
Large Angle Photon Veto

g I i

--.---.---
——

(Cherenkov /
kaon tagger) Anti- I
<80ps timing counters
Beam \
pipe Y Straw
Decay region: L=65m ThEEkeE

iy J_] nu

Total length: ~270m

SAV:
Small Angle Photon Veto

i
Ll

LKr MUV

RICH

<80ps timing

< Expected single event sensitivities: ~10-12 for K* decays, ~10-"! for n° decays.

* Kinematic rejection factors (limited by beam pileup and tails of MCS):
5x103 for K*—>n*n?, 1.5%104 for K—>p*v.

00 00
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> Hermetic photon veto: ~108 suppression of n%—yy.
» Particle ID (RICH+LKr+MUV): ~107 muon suppression.



Rare kaon decays: K—»>nvv

SM: box and penguin diagrams

=
u,c ty 16, 1, T
MWW
4w v
Ultra-rare decays with SM branching ratios
the highest CKM suppression: Buras et al., JHEP 1511 (2015) 033
A ~ (my/my)? [ VeVig| ~ A2 Mode BRgyx107"
K*—>m*vv(y) 9.11+0.72
% Hadronic matrix element is related K onlvv 3.00+0.31

to a measured quantity (K*—nle*v). The uncertainties are largely

¢ SM precision surpasses any other parametric (CKM)

FCNC process involving quarks. Theoretically clean
< Measurement of |V, | complementary almost unexplored,,
to those from B—B mixing or B%—py. sensitive to new physics. 9
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K—nvv: experiment vs theory

BR(K,—>1%v¥) vs BR(K*—>1*vVv) CKM unitarity triangle with kaons
—————— S : K, ->p'n
{ E949 10

Current|experimental )
ungertainty

101 x BR(K. — 7Ovp)

D. Straub] C
CKM 2010{ ., - >

101 x BR(KT — 7twi)

NA62 aim: collect O(100) SM K*—nr*vv decays with <20% background
in 3 years of data taking using a novel decay-in-flight technique.

Signature: high momentum K* (75GeV/c) - low momentum n* (15-35 GeV/c).

Advantages: max detected K* decays/proton (py/py~0.2);
efficient photon veto (>40 GeV missing energy)

Un-separated beam (6% kaons) - high rates, additional background sources. 10
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NA62 physics programme

% NA62 Run 2 (2015-2018): focused on the “golden mode” K*—>mn*vv.
v Trigger bandwidth for other physics is limited.

v" Several measurements at nominal SES~10-12; K*—>n*A’, t0—>wvv.
v A few measurements do not require extreme SES: K*—>£*v,, ...

v In general, limited sensitivities to rare/forbidden decays
(SES~10-19 to ~10-"1, similar to NA48/2 and BNL-E865).

v A proof of principle for a broad rare/forbidden decay programme.

% NA62 Run 3 (2021-2024): programme is under discussion.
[Presented at “Physics Beyond Colliders” workshop, CERN, Sep 2016]

v'  Existing apparatus, different trigger logic: no capital investment.
v' Rare/forbidden K* and =n° decays at SES~10-"2;

K* physics: K*-»n*¢*8-, K*>n*ye*e-, K-> 2*vy, K*>nt'yy, ..

70 physics: n%—e*e~, n'—e*e-e*e”, n°—>3y, n0—4y, ..

Searches for LFV/LNV: K*—>n €2+, K*>n*ue, n—pe, ...
v Possibly K, rare decays (SES~10-""), including K, »=%€*€¢- [CPV].

v" Dump mode: hidden sector searches (long-lived HNL, DP, ALP). »
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The lepton programme

Neutrino oscillations discovery (1998)
) € First non-SM phenomenon:

1
//r — m Z{} 1) Lepton Flavour Violation;
V;l Ve =

2) non-zero neutrino mass.

Neutrino source Neutrino detector
New physics scenarios involving LFV:
v Neutrino is a Majorana fermion (identical to antineutrino)
v Heavy (possibly sterile) neutrino states

Astrophysical consequences:
v Dark matter, nucleosynthesis, Supernova evolution, ...

% Birmingham-led programme (supported by ERC starting grant):
search for forbidden states with lepton pair (ee, pu, pe)

KT — pvetet

KT s evutput

Kt 5 nmetet Kt 5 atn% 7% > ute

Kt s a putp™ KT s atn% 70 =5 pet 12
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NA62 status & data quality
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K*—>n*uru- signal (2016)

Rare decay: BR~10-7

460

470 480

490

% Minimum bias (~1% intensity) and K_, test data collected in 2015
v" Most systems commissioned and meet the design requirements

s Beam time in 2016: 3 May — 14 November.

500

210

Mz, (MeV/c?)

v running at ~35% of the nominal intensity now (limited by SPS capability)

% Long (-6 months) runs scheduled in 2017 and 2018.

Expect to reach a few SM K_ events sensitivity with 2016 data

E. Goudzovski / Birmingham, 2 November 2016

14



K*->r*vv kinematics

Missing mass: signal and backgrounds

5l - Kismady)
‘_| 0 , Signal & backgrounds
= E Region |I (events/year
10%= i
= K st ?gnal 0 455
- i * 0T ST
-3 P * T
E e £ K'>p*v 1
B N =A% Kt>nrntn <1
107 RS
- \ Other 3-track decays <1
105 7| T K*—m*ndy (IB) 1.5
- / K*—u*vy (IB) 0.5
6 s, ‘e
10 = Region | *y Total background <10
10.7_ [ R R T R | ! | 1 I T | | Y
004 002 0 0.2

92% of total BR(K*):

0.04 0.06

0.08

% Outside the signal kinematic region.
% Signal region is split into Region |
and Region Il by the K*—n*n? peak.
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0.1 0.12
m2.__[GeVZ/c!]

8% of total BR(K*) including multi-body:

“* Span across the signal region

(not rejected by kinematic criteria).
% Rejection relies on hermetic photon
system, PID, sub-ns timing. 15



Kinematics: 2015 data

= 2— =
S _ mlss (P —P ) VSP. | [ m.. 2
8 L A E =& 10° miss
80.1- 2
L >
K, region || «—_ S
0.05_— ) 102 0
B o Kt>n*n
B S :
= a
e : g f
. - - © =10
Ky region 147 - :g,, g
e i B
0 b_‘ |=I. ]4 Ld” I};I:-I 1l | 14 e i ; i .:!‘!E:'i'.'a:- -E 1 i | | | | | | | | | | | | | | | | | | | | | | |
20 30 40 50 60 70 SOP [%?ewl?o gt thresho[d
: . - TtV .
% Gigatracker T [ o o % fat 75 GeV/c (nBOe?(?AzCE};‘ntgl)
information not & (KTAG signal) &
used in this study. « | vl Hadron
‘:’ Photon Veto 0_05__ 10° 0_05; beam 10°
criteria not applied | . I (75 GeV)
on purpose. o Koy o-
< Kinematic & - 10 - e
time resolutions are -oos- 005~
close to the design. | 7 _ | i
_0 _I\3j}1|H‘III\‘IIIIMllrl‘\7IVII|-\I:7II|IIII|IIII7|IIII 1 _0 _\Illl\\lll\\\ll\ -i u 1
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Kaon identification: KTAG

| N, pressure scan | [+ N;=5 f—rrr
S 102 % *Ng=6
_1};; . . Ne=7 ]
£ " . _
S 10 gove, [ Nc=8 3' .
EF y P - o 3
E 104';_ TC+ L s _;
2 F . 3 P w -
B " K+ . . ' . N
10° ' X , ¥ 8, 3
- K ; . ’l; s
- 1, S R
10° 1 'l. }
10" 1.65 T 1.8 1.85 1.9 1.95 2
. - Pressure [bar]
of Number of PMT |- g;1ole PMT PMT time | ¢ 59
o | signals per K" |-Contral peak: resolution | | < 70
o) M : +e C o 0-9¢
S Mean hits/K*: 20| - 160ps; . - /
o - o(K time - ° int:
heannomina | RuS=3o0ps. || | TN wenkg o
< rate/channel: |- - \
- 2.3 MHz o o7 \
- . | °s|Kaon ID efficiency
c scattering in B vs sectors in \
o 1t dynode | osf- .. \
- C coincidence
i i A T T T T [pS] e e e e L
0 10 20 30 40 50 60 -2 -1 0 1 2 1 2 3 4 5 6 7 8
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Beam tracker: the Gigatracker

Missing chip Hit Map of GTK 3 2016 data
i «10°

Y [mm)]

Collimator

2"d achromat
75 Gevl/c

beam

96 mti

13.2

vl
<

-10 0 10

X [mm]
% Three Si pixel stations on the beam. GTK—KTAG timing |
% In total, 54k pixels (300x300 pm?2). 3 AL S S
< Thickness: <0.5% X, per station. = 3 239 LOE
< Cooling using microchannel technique. 3 ' E
< On-sensor TDC readout chip. 3 3
% Commissioned in 2015-2016. “" - : E
# Measured performances match the desian. ; 2 =—r1-*’0“‘-;-v-=2 _3

cT(tBeamTrack) ~ 200 pS.

terk—tkracy NS 18
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Downstream particle identification

P.. [GeV/c]
% PID technique: RICH, EM & hadronic calorimeters.

=250 RICH ring radius vs momentum > I
% e - 10* % 0-95 /—,...-—-—-'
P
o~ 508 f X
2 = £ 4 15GeV/c<p < 35 GeV/c
o — 103 0 ?: /
0.6F j
| 051
— 10 = l
- 0.4;f
_ . 03 { NAG2 Preliminary
Lt ) 10 - P W o B T e N oo
SO+ K* NA62 Preliminary O'QEf 2015 Data
i 2015 Data 0'} Pion vs muon ID efficiency
I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII I S S S N N e
0 10 20 30 40 50 60 70 80 90 ! 0 0.|01 0.1’)2 0.63 0.(|)4 0.1’)5 0.66 0.67 0.|08 0.69 0.1

Muon efficiency

% Goal: O(107) muon mis-ID suppression to reduce K*—p*v background to K*—n*vv.

% RICH provides optimal p/n separation at 15 GeV/c<p<35 GeV/c:
measured p suppression ~10% at ©t ID efficiency of ~90%.

% Calorimeters: EM (LKr), hadronic (MUV1+MUV2);

additional (104=10°) p suppression at (90%+40%) =* ID efficiency.

E. Goudzovski / Birmingham, 2 November 2016
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Photon rejection

| LKr EM
T s | calorimeter:
aeuun, - T forward veto
J //j_‘_i? mrad__— \:}8.5 mrad |

I

12 Pb glass LAV stations:
hermetic up to 50 mrad

s Technique: EM calorimetry exploiting

“

SAV: small-angle
veto (sampling calo)

n%—yy veto efficiency with photon vetoes

correlations between photons 10~
from n°—yy decays.

% Goal: O(108) rejection of =°
from K*—n*n® decays.

102

10-3

/

15 < P+ < PMA%

_—
" LKr al

— one

e

% Signal region: p(n*)<35 GeV/c,

s, LKFHLAV

therefore p(n°)>40 GeV/c.

% Rejection factor measured with
2015 data from K*—n*n® decays:

104

10-3

7

i 7
%KIWLAV

0(10°) rejection achieved;
analysis of large 2016 sample on-going.

E. Goudzovski / Birmingham, 2 November 2016

1076,
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I |
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Maximum allowed n* momentum [GeV/c]



Birmingham-led analyses

The Birmingham NA62 group has produced
>50% of the physics output of the “old” CERN K* experiments

Recent results with 2003—-2007 data:

 Search for lepton number violation and resonances in K*—»rupu decays
[presented at 2016 conferences; to be published in early 2017]

% n0 transition form factor measurement
[presented at 2016 conferences; to be published in early 2017]

% Search for dark photon production: n%—yA’
[published in 2015]

Near-future prospects:

% Searches for heavy neutral leptons: K*—>£2*v,,
[expect to presented at the 2017 winter conferences]

21
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Kiort

+, ,+e

Lo

lepton number violation

\/
000

e

*

e

*

e

*

Entries/(0.5 MeV/c?)
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NA48/2 data sample. Kr->mup selection: 3-track vertex; e
DCH1 DCH2
no missing momentum; muon ID (LKr, muon detector).
Blind analysis: selection optimized with dedicated MC samples.
Main background: K*—3n* with n*—p*v decays in flight.
Muon identification optimized for background reduction.
_K ...... :_ ...... Cand]dates ._._ Data | &"SS LNV H H_ Cand]dates —e— Data
{ FONC decay - [ MC Kot % N
|| studied earlier: | |[CImcK—mnr s
B\| 3.5k candidates | [Euexorn]  BOE
e \PLB697 (2011) 107} T o
1025— B
S 10E
ol i, 5
= Kfonintn ' 1 R /4 -
- i i U |1 O
- (also used for Yty Yy Kfo>nin n-
normalization) 1 R
1% H ..... w |
1 I46|0I L1 I476| (| |4alol | I490I 1 11 I5C|]0I 1 I5210 1 I46|0I 1| I4|-|70I (| I4é0 | I 49|0I | I_ISOOI 1 I2
M(z*utu), MeV/ic Mz utut), MeV/c
N(pp*) = 1

[

Npye = 1.16+0.87

=) BR(KionTptut )<8.6x10-11[90% CL] ]

[Factor 13 improvement; final result; paper in preparation]

. DCH3 DCH4
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Search for Kf->u*N, No>ntut

s b | Data & background <+ Interpretation of the LNV result in terms of
3 o events vs my Majorana neutrino (N) production and decay.
5 IR EES [Atre et al, JHEP 0905 (2009) 030]
i3 % A scan in the parameter space: my and 1.
251 . o - : :
: Signal UL@90% CL *» Due to the 3-track vertex selection constraint,
28— - — acceptance falls as ~1/1y for t>1 ns.
1.50- ] % Limits of ~10-"9 set for t,,<100 ps.
E aa MC K =mn'n —
= / - 3 . UL on BR(K*—p*N)xBR(N—7¥ i)
0.5 J H F MC K 2 10°F] depending on assumed my and Ty
C / 2 n
s ————— %10.{_ 90% CL
%0_25: Acceptance 105 ? E
g Vs (my, ™) =z [
L FoHAATLL
T L X =
e Z
T ol T 100
I *  F
L % L
0.1~ S 10° —-%
C 3 1 = T=1ns j
B > r
0.05— I~
N 10'135—
Ci:"l"'l'"l"'l"'l"""'l"I E|||||||||||||||||||||||‘[|‘:|‘]lo|lp|$|||
260 280 300 320 S med N_mass, MeV/? 260 280 300 320 340 360 380 3

2
E. Goudzovski / Birmingham, 2 November 2016 Assumed N, mass, MeV/c



Search for Kr-p*N, N>yt

% Limits of ~10-? set for 7,,<100 ps. 1o 90% CL

. £| Data & background
B 250 Ko 3 events vs my N
2 Tt mass 3 hypothesis
% i + + = 250
'.E 200— -
WL 200~
- Data + -
150:_ 150;—
: ool
100_— E
- 4 SM background: o
: MC Kiéniu*-u_ ni_ [ | | 11 | | | | | | | 11 | |
501~ (BR~1077) S 10°H | UL on BR(K=—p*N)xBR(N—7p¥)
- PLB697 (2011) 107 S depending on my and T
B T sl t=100ns
D_| 1 | | L1 1 | [ | L1 1 | [ | L1 1 | L1 | | | +|It= 10 E
240 260 280 300 320 340 360 380 ) T, =
M(m*u*), MeV/c = - _
% 10-75 T=10ns
< Search for LN conserving heavy neutrino % 0_53 s
. 1 =
production and decay. ¢
% Sensitivity limited by background from % oL W
the FCNC K*—»n*u*u- decay. s f v T 10 ps N7

260 280 300 320 340 360 380

E. Goudzovski / Birmingham, 2 November 2016 Assumed N. mass. MeV/c?



Search for Kf->m*X, X—>pu*u

< F Kf>mfutu:
3200 + + u*p- mass
;.%1603—
1400
1200
100,
so= [ SM background:
sol- MC Kfnfptu-
- (BR~1077)
o0 PLB697 (2011) 107
20F
Ojﬁm'.m||||.||||||||.|||| |

220 240 260 280 300 320 340 360
M(up), MeV/c?

% Also background limited; UL~10-°.

+» This leads to non-trivial limitations on the
inflation (y) phase space: y—pu*u- decay
dominates at m,~300 MeV/c2.

[Shaposhnikov, Tkachev, PLB 639 (2006) 414;
Bezrukov, Gorbunov, PLB736 (2014) 494]

E. Goudzovski / Birmingham, 2 November 2016

UL on BR(K* - 7X) x BR(X— ') at 90% CL

Number of events

Data & bkg
events vs my

Data

200

150

100

50

10°

10°®

10°®

10®

107°

hypothesis

UL on BR(K* —>m:X)xBR(X—>p*p-) |
depending on my and ty

=100 ns |

T=10ns

|, 20% CL

1 1
220 240 260 280 300 320 340
Assumed X mass, MeV/c?
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o

n0 physics:

n° transition form factor;
search for dark photon (n°—>yA")

~

/

E. Goudzovski / Birmingham, 2 November 2016
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NA62-R,: n%—ye*e~ sample

» NA62-R, data: ~2x1017% K* decays in the fiducial decay region.
< Reconstructed n°, decay candidates, x=(m../m_)?>0.01: N(K,,;)=1.05x1068.
% Despite ~10 times smaller sample wrt NA48/2, good for spectrum study:
v" minimum bias trigger: low systematics due to trigger efficiency;
v' low beam intensity: low systematics due to accidentals.
% Source of n° considered: K*—n*n® decay (BR=20.7%).

o 10T A SSEE Reconstructed K=mass | - ¥ Dalltz variable: x=(m, o/ m_)2
"‘;:; C : : - Data ] =) E i 5 —_— Data | |
[ - Preliminar s 1 5 a5 . Preliminary... R S _
2 [ Preminay 1 g R TEER e e e [
g 104 e .................... __________ ] }:(i - ‘J'[B ptv | L%J | | | : : : |:| Ki - ﬂ:g uiv ]
> | ] 10* NN VR U N NN S SRR S
‘GE) . ] Selectlon optlmlzed to
D 10° N I ~increase acceptance
E \' ; E 103 ......................................................
102 R 000 AT OTTITVR W —
- 3 10°
0E KionOputv 10}
B | (a SIgna\|I compon?nt) | ; TR |
045 046 047 048 049 05 051 052 053 0 01 02 03 04 05 06 07 08 0.9 127
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TFF slope measurement: result

Fit illustration: Data/MC(a=0)

World data: n° TFF slope

U'I.DE_—

= | |—e— Data/MC(a=0)

-~ [ _ . ,
_,‘31.04— Form factor: best fit ,
S - o[---- Form factor: +15 band /
)

-20 equipopulous x bins

y2/ndf = 52.5/49,
p-value = 0.34

8

1.02

1.01

NAG2

0.99

Preliminary

102 107"

X

4 NA62-Ry preliminary result (2016):

a= (3.7OiO.53statiO.365yst)><1O‘2
[final result & paper in preparation]

.

\

measurement with n°, decays

Geneva-Saclay (1978)

J

E. Goudzovski / Birmingham, 2 November 2016

Fischer et al. 30k e:fenls
Saclay (1989)
Fonvieille et al. )
1 32k events
SINDRUM | @ PSI (1992)
Meijer Drees et al. I » 54k events
TRIUMF (1992)
Farzanpay et al. L *> i 8k events
NAB2 (2016)
{preliminary)
II|IIII|IIII|IIIIIIII|III
-0.1 -0.05 0 0.05 0.1
n° TFF slope

First observation (5.8c) of
non-zero TFF slope in the time-like
momentum transfer region. 28



NA48/2: n%—ye*e~ sample

Two exclusive selections T Kt>ntno, - Ko seloction: || G10°L m\ Search for resonances:
. 2| selection \ i 2 OvA’. A'—ete
Ki_)ninoD SeleCt.Ion: _‘_::105; ! kl]l l Eii%;;u[iv 3105? Y
e |[m_.—m,|<20 MeV/c?; % - / \ 2
nyee K 2k 2l
o |m.—m,|<8 MeV/cz, ™ jf \\ o'
e N0 Missing momentum. ol E 10°]
Kt—>nutv selection: 10k 107 y
2 — 2 = i
® Mpyiss” = (Pk—P,—Pro) o 1ol
compatible with zero;
o |myee—mno | <8 MeV/c?; 4100'42'044'10'2166456500'556540”560586(;6200 o0 40t 0’ 0 100 w
o o (Mer ) M, e
e missing total and L Km0 ity — e ,, el
o pH™v K 2 selection: R K. selection:
transverse momentum. £ selection iﬂ — Data 210° — Data
o | LlL % S_mg ;fv | 2 HH,_H\\ % iﬁfﬁ’ :::V
: £ el | = e
b [ | Ko 1 2, ey I KE—mendnd
Reconstructed y AL s | 2, _ .
n°, decay candidates: 2 b g .
St ’ , .
o N(K;,p) = 1.38x107, G | 10 N
]
e N(K 3p) = 0.31x107, J ; N
e total =1.69x107. - ] “’%
. : . . j" 10
K* decays in fiducial region: 120 L
NK= (1.5710.05) x1011. L1l \Ifj]:ﬂ\ 1
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NA48/2: search for DP signal

UL on the number of DP candidates

DF)

-
o
n

UL (N ) at 90% CL

=
:..-_

—_
o
[#]

and their uncertainties; UL (N
o
=%

= L
F ]
g(- B MC
~ 6Nc:l::nsr. SNexp

20 40 60 80 100 120
m,. (MeV/c?)

DP mass scan:
e range: 9 MeV/c2<m, <120 MeV/c?;

e mass step 0.5c,,, signal window £1.5c,,;

e DP mass hypotheses tested: 404;
e global fit for the background shape.

E. Goudzovski / Birmingham, 2 November 2016

x10-6

UL on BR(n°—>yA’) at 90% CL

0 | | | | | | | | | | | | | | | | | | | | | | |

20

40 60 80 100 120
m,. (MeV/c?)

v' Local signal significance never
exceeds 3c: no DP signal observed.

v' The obtained limits are background

limited: 2-3 orders of magnitude
above single event sensitivity. 30



NA48/2: dark photon exclusion

DP exclusion summary

KLOE

NA48/2

107

Lo | 1 1 N R 1 ’00

2
10 1 DmA. (MeV/c?)

E. Goudzovski / Birmingham, 2 November 2016

Final result: PLB746 (2015) 178

Improvement on the existing limits in
the m, range 9-70 MeV/c?.

Most stringent limits are at low m,,
(kinematic suppression is weak).

Sensitivity limited by irreducible =%,
background: upper limit on &% scales as
~(1/Ny)"2, modest improvement with
larger data samples.

If DP couples to quarks and decays
mainly to SM fermions, it is ruled out
as the explanation for the anomalous

(8-2),.

Sensitivity to smaller €2 with displaced
vertex analysis: to be investigated.
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Heavy neutral leptons

E. Goudzovski / Birmingham, 2 November 2016
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Constraints on the vMSM

Neutrino minimal SM (vMSM) =

SM + 3 right-handed neutral heavy leptons.

[Asaka et al., PLB 631 (2005) 151]

Masses: m,~10 keV [DM candidate]; m,,;~1 GeV.'
HNLs observable via production and decay.

HNL production, kinematic factor:

—_—

> R. Shrock
e 4

& 35
3
2.5

2

1 -5 ; : :
K*—ervy:

1

~10?) for m;—0
0.5 (1 ’) far my—0:

PLB698 (2011) 105

R(mMy) = T(K* =) /T(K—pv)/ Uyl 2

.......... hehcrtysuppressed

my [GeV]
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HNL: global limits

Global limits on [U|? vs m,

! s Bt Sl S S E= Ee s S T AR =T In contrast to decay searches
) 2\ {1 de¢ay -“\M"ﬁ*\ __j ceasde-n, LA nUnivurﬁdﬂL “f?’?‘_______jt (e.g. N—)TCI at beam dump eXpt’S),
10 \\:‘:x p—— \Ml il il production search results
10! \ ¥
- T~ N\ = B are model-independent.
= ~_ D ‘@\ }9%
e ~ b 5( Limits on |U 4|2 from K—p*v
- \\_*\_/ s
10°* — \ , (production searches)
109 Assuming LN conservation, . . _
- rather weak! ; ; §
. 10 107 105 10 10 10-* 10! 10 10" 10° 10 § f NA62'RK
.. 107 :
. Global limits on U ,|? vs m,
| S, .
10" I N | \{c:?fo,, o s I
102 | \‘ oo iwplomtniversulity R A TRTA" 10
10 | \ - 9 CL
W T
(1 : 7
,__':ﬂt 08 I T =¥ v \N | 107+
ﬁml. :l T // ____E N
0 T 15\ N oA n ) OES, NA6Z minimum
i S - ———— Q™| | . bias data 2015
10— é : |
L T T IR e e TR LR .E949._(.2i().1.5.) Y
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Model-dependent HNL decay searches not considered m, [GeV]
[De Gouvéa and Kobach, PRD93 (2016) 033005] 34
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HNL: status of production searches

Peak search for K*->u*N at NA62-R, (2007 data):

% Three months of data with downscaled trigger: ~108 K* decays in fiducial volume.
%+ Background-limited; sensitive above m =300 MeV/c? unlike BNL E949 (decay at rest).
Peak search for K*>u*N at NA62 (2015 data):

% Integrated 2007 K* flux reached with 1 week of minimum bias data in 2015;
% Low background (hermetic veto, K* tagger); search region extends into lower my;
s Excellent conditions to a search for K*—e*N. NA62 (2015): K'—p'N search

10° NA62 RK (2007) K*—)WN search - [ Data
; : ; : 5 10° E_ ________________________________________________ ______ % ﬁi—)p.iv
T Slgnal reglon . = RV
: - ~20M K, [degays; |EEK-uvU
G FRR SN SN o T 4 70 ...... V/ 02 .......... — 3 A SO u2 Bt At A * +rl
10° mN>2 Me c: E 107 <10 5"badkgr und E ﬁ:ﬂn
- ' : : - ' : . Z | | K —ntrn®
e 104 §_ ..................................... ...... - K+—)TCD]..I.+V
il SR R R SURUURIE U S 3 E :
T3l N S R MO D A
{ . = mN>200 MeV/c2
0° S - | | |
1 E 102=_ .......... e J:d: . %1 S SO
: ] || ﬂ'{
102 IIIIIIIIII _E 10 EF‘L‘ i | L I | L .
11..14:..1»1.-.'.; ...nuh.lnllh Ll e

-0.02 ] 0.02 0.04 006 0.08 012 014 0.16 01 -0.05 0 0.05 0.1

Squared mlssmg mass, (GeV/c?)? Squared missing mass, GeV/c:Z)2 3 5
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HNL: possible decay searches

hd
[

D) — £EN
/ 0(10'%) decays/year
at tzlarget

. 4
IRk I
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>
N 1

SR,
T Il UMM"'H

L IFmIF ||II'J—] l

N =<

Search for decays:
N —

HNL exclusion limits

|Uil2 .
(NA62: assuming Ug,=U ,;

obtained during K_,, running)

'A%

CHARM

N NuTeV

\

NA62 expected:
D* decays
(N—>mtlT only)

BBN allowed band

II\‘\\\Illl\\\‘\$¢¢TSIaWIII|III‘\\\
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2
E. Goudzovski / Birmingham, 2 November 2016 mN; GeV/C

\

NA62 expected:
K* decays

PS191

T.rSpadaro, PANIC2014
10-11 |02

~EpF (0.14 GeV/c? < my < 1.9 GeV/c?)
pT£F (0.8 GeV/c? < my < 1.9 GeV/c?)

The expected sensitivity is evaluated
assuming zero background.

Backgrounds to be considered:

scattering of halo muons (u*N—K%X),
charge exchange in KTAG/GTK (K*n—K°%p),
accidentals (K* decays, halo muons).

Proof-of-principle: 2016 data.
Searches for dark photon and axion
production at target: prospects are
being evaluated.
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Summary

% NA62 run 2015-2018:
v' The run is focused on the K_,, measurement (SES~10-12)
v All subdetectors installed and commissioned by 2015
v Detector performances are close to the design ones
v Collecting data at 35% intensity now

v Expect a few SM K, events sensitivity with the 2016 data

% NA62 run 2021-2024:
v An extensive K*/K,/n° rare decay and beam dump programme
with existing detector is being developed

% Physics outputs:
v First NA62 results with 2015 data relying on hermetic veto
rather than high statistics are expected in 2017
v' The recent measurement with “old” data (2003-2007) are
a training ground and a proof of concept

37
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Backup

E. Goudzovski / Birmingham, 2 November 2016
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TFF measurement with n% decay

Differential decay width: Measurement of the TFF: F(x)=1+ax
1 &Y o (1) , 12 “* VMD expectation: TFF slope a~0.03
[(g,) dedy — 4r (1+y t [Hoferichter et al., EPJC74 (2014) 3180]

« Enters hadronic contribution to (g-2),
X = (q,+q,)%/m_2 = (m_./m_)?, y = 2p(q,—q,)/[m 2 (1-x)]  [€.8. Nyffeler, arXiv:1602.03398]

% Influences the n°—e*e~ decay rate
] [Husek et al., EPJC74 (2014) 3010]

Key issue: radiative corrections (larger
effect than TFF) [ J2TNLO / J2TLO

oz, y) = dady dady

Radiative corrections: 3(X,Y)

(1) Mikaelian and Smith, PRD5 (1972) 1763

w“<” M@ 0.8
i ’ T ! 0.6

(2) Husek et al., PRD92 (2015) 054027 05

04

0.3

0.2

v' Additional diagrams (1y irreducible). o
v' Radiative photon emission simulated. 0 -0.4

0 01 02 03 04 05 06 0.7 08 09 1
E. Goudzovski / Birmingham, 2 November 2016 X



DP production in n®—yA’ decay

Batell, Pospelov and Ritz, PRD80 (2009) 095024

3
2
LN,
B(r? = ~vA') =22 |1 — 2A B(m% — v7)
m,
v, 2.2 BR(n 0—>yA’)/a2 VS mA

% Probing the Dark Sector.

% Two unknown parameters:
mass (m, ) and mixing (g2).

» Sensitivity to DP for m,, < m_,

» Loss of sensitivity to g2
as m, approaches m_,,
due to kinematical suppression 5
of the n®—yA’ decay. % 20 a0 60 80 '100 120

Me‘u’fc 40

o0

o0
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DP decays into SM fermions

Batell, Pospelov and Ritz, PRD79 (2009) 1 15008

1074 ‘ S . 7 LO0OF====-n |
> : DP decay width into SM fermlons vs my | 050l e _
O : assuming g2=10-4 | S
- =51 . _ +y,—-
(10 020 HH
My .
0.10 1 A’ decay BRs
-6 | - I '
10 | 005t |
: m., 2m, | .
- M | 002F
10 F 'l ;
' m,>2m_,. ' E i |
A 0 hgdrqmc decay 001 hadrons
contribution | |
10—8 | N y . N | . R | B , o
0.1 0.2 0.5 1.0 2.0 5.0 10.0 0.1 0.2 0.5
m, (GeV/c?) m,, GeV/c?

Accessible in n° decays: assuming decays only into SM fermions,

2 2

1 4m? 2m?2
'y ~T(A = ete”) = —ae’my |1 — < (1—|— e) ~ ac’mas /3
3 M, ™My,

= For ¢2>10-7 and m,,>10 MeV/c?, prompt A’ decay (z vertex resolution ~1 m).

Therefore n%,—e*ey is an irreducible background. 41
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Prospects for K*—>r*A’, A'—-*1-

x10-3 Dark photon emission BR/z—:2 ng“’ NA48/2 expected ULs for BR and €2
. g : -
: 340
& 35 _ComplementarymA ______________________________
¢ ¢ interval to n° decays ...
@ 30 : :
=
= L
@ 250
% C
Q B
a0 20
P
T _ _
A N butnotcompetlt've
: : | | | | | o to eXlStlng llmItS
C II|IIII|III|IIII|III|IIII|IIII.II _Iillll | N I | | N I N | | I |
%50 100 150 200 250 300 350 0750 200 550 300 350
m, (MeV/c?) m,. (MeV/c?)

Comparison of (Kf—n*A’, A’—e*e™, m,>m_g) vs (t9—yA’, A'—>e*e”, my<m ,):

<+ Lower irreducible background: BR(K*—n*e*e~)~10-7 vs BR(n%;)~10-2.

% Higher acceptance (x4), favourable K/=° flux ratio (x4).

% Therefore the expected BR limits: BR(K*—n*A’)~10-° vs BR(n%—yA’)~10-6,

< However BR(K*—r*A’)/BR(n°—yA’)~ 104, expected & limits are g2~10-, 42
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nP—e*e: state of the art

<+ World data is dominated by the KTeV measurement from K, —3nr°:
794 candidates with 7% background.

160 | — wmc H

Measurement: ; wr e
BR(n®,., X>0.95) = (6.44+0.25+0.22)x10-8, émo;—
Extrapolation: 2ot
BR(n®,.) = (7.48+0.29+0.25)x 1078, o
[PRD 75 (2007) 012004] ol

O' 42
0.115 0.12 0.125 013|_)O135<_|O14
2
Signal regio GeV/c

% SM prediction: loop-induced and helicity-suppressed decay.
Naive estimate: BR(n%.) ~ (am./m_g)? ~ 10-°.
Detailed calculations: BR(n®,.) = (6.23£0.09)x10-8,

[Dorokhov et al., PRD75 (2007) 114007,
Husek et al., EPJ C74 (2014) 3010]

—_ e —

% Experiment vs theory: ~3c discrepancy.
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NA48/2 data: K*—r*nl, nl—ete-

Ko rtete-

t +.-0
Kf> 'y,

E. Goudzovski / Birmingham, 2 November 2016

Signal region

signal region

nee

NA48/2 data: the m

—— Data
s s K o,
................. ............ I:I Ki_yﬂ:iﬂ:%[}
| | - |OOK—n*nd
B K >ntete |
_y conversions:

_multiple e*e~ pairs

III|IIllllllllllllllllllll_w

8.

NA48/2: about 300 events collected,
but signal/background < 1.
Can be better at NA62.

Mg, GeV/c 2
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Krt—n*A’, A'—invisible

BNL-E949: limits on BR(K*—>=w*X) Vs 1y

d 10_7% | :_- T 'I_ ] :;|:, | | | | | T %
S C 100ps P ns .
o - ! : o '.‘ |
) : .
© - i
:‘510—85_ Q’F}JIOpS -
. - , 7
o o N
Q — 7 500ps .’ |
a L g ]
=) ' .
10-9 & -
E:' Tns E
= OO |
- my, MeV/c2-
T | | | | | T | | |
0 100 200

The E949 K*—n*vv analysis:

K*—n*X search (where X is invisible)

PRD79 (2009) 092004

BR(n%—invisible)<2.7x10-7 at 90% CL

PRD72 (2005) 091102
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1x107°6+

5%1077+

1x1077

DP exclusion assuming

BR(A’—invisible) = 1

'
BgBar
e7>y+inv

-
-
-
-
———
-———

—
-
-

excluded
at 95% CL

Davoudiasl, Lee, Marciano
PRD89 (2014) 095006

510 50 100 500 1000
m,, MeV/c?
Non-trivial limits on DP phase space
Including the (g-2), favoured band,

assuming invisible DP decays.

NA62: expect an order of
magnitude improvement
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Kaons at CERN beyond 2024

<+ Need to measure both BR(K*—>n*vv) vs BR(K, »n%v): affected differently by NP.
% In the next few years, we expect:
v NA62 @ CERN to measure BR(K*—n*vv) to 10%;
v' KOTO @ J-PARC to observe a few K, —n%v events.
<+ A new, possibly multi-purpose, K, experiment at CERN focussed on K, »n%vv,
with SES~0.5%x10-12 is under consideration for Run 4 (2026-2029).

KOTO: Charged Veto (CV) Csl Calorimeter KLEVER @ CERN:
Main Barrel (MB) | feasibility and sensitivity study
Front Barrel (FB) e . LAV 18-21 LAV 22-26 l/Ll(r
- : 1412 LAV 13-17 | 11| 1z
- § | HHWMM@WHHHHHHHL
. LOLRVRRREr e ettt ”T\
ARV gy e
I 3 Fv g
. Neutron Collar Counter (NCC) oem e alem
< 30 GeV protons (300 kW); <py, >=2 GeV/c; < 400 GeV protons; <py >~100 GeV/c:
< Proposal: SES=8x10-12 (~4 SM evts) complementary approach to KOTO.
with S/B=1.4 in three years. % 60 SM events in 5 years with S/B~=1.

Short (100h) run in 2013: SES=1.3x10-8; < Protons required: 5x10"% (NA62x10):
Observed 1 event, expected 0.36; [CKM2014] target area & transfer line upgrade.
Collected x20 more data in 2015; % Re-use NA62 infrastructure and parts of

< Intention (no proposal): upgrade to 100 SM evts.  detector (LKr calorimeter; muon system).
E. Goudzovski / Birmingham, 2 November 2016
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