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Forward

* | take “exotic searches at low energy” to mean
subjects with sensitivity to BSM which are not
LHC or atomic/molecular physics

e QOutline
— Kaon Physics: CP-Violation and CKM
— Kaon Physics: Rare Decays
— Muon / Tau Rare Decays
— Muon internal conversion
—g-2 ...



The Flavours of SM

1keV =103 eV
1MeV =10° eV
1GeV =10° eV

m;~938 MeV

suonoeIu]

electron muon tau
neutrino  neutrino neutrino
511 keV

e

electron

T -

Generation 1 II Tl
Zuoz, Augut 14,2018 Augusto Ceccucci/CERN



History, CP, BAU, € & €’, CPT
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Kaons and Standard Model

 Today we tend to forget, but many aspects of the
Standard Model (SM) were builts on the
properties of the strange mesons:

— Parity Violation (paradox 6-1)

— Strong production and weak decay

— Strangeness and the quark model

— Violation of di CP in K, = 2m: superweak or milliweak?
— Absence of FCNC = GIM mechanism

— Direct CP violation (¢’/¢ !=0)

— Best bounds on beyond SM (BSM) physics
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Strangeness (Gell Mann, Pais)

79, S = + 1 According to Jim Cronin, during a seminar at Chicago,
0 Gell Mann introduced S as a quantum number conserved
by the strong and violated by the weak interactions
with both states S= +/-1 decaying into w*mr

5 g _]1 E. Fermi: “ If both decay into &t* 7,
0 B how can they be different?”

PHYSICAL REVIEW VOLUME 97, NUMBER § MARCH 1, 1955

The conservation of C [ CP from 1957...]

Behavior of Neutral Particles under Charge Conjugation

M. GELL-MANN,* Department of Physics, Columbia University, New York, New York disti ngu iSheS the tWO Eigensta tes
A. Pais, Institute for Advanced Study, Princeton, New Jersey 1 -
(Received November 1, 1954)
= — —_—
A e v (U, +1,) TTTT
t any rate, the point to be emphasized 1s this: a 2

neutral boson may exist which has the characteristic 6°
mass but a lifetime 57 and which may find its natural 1 —
place in the present picture as the second component of 19“2 = (19“ 0= ﬂo) —> JTIUTT
the 6° mixture. ‘ \/5

One of us, (M. G.-M.), wishes to thank Professor E.
Fermi for a stimulating discussion.

e1,2 9 Kl,Z
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P&C

-1\\{1: :
| i

left-handed right-handed
neutrino antineutrino

L. Landau, 1957: “Has is well known, the unusual properties of K-mesons
have created a perplexing situation in modern physics....Invariance

of the interactions with respect to leaves space
completely symmetrical....

To save the simmetry of space in view of parity (P) violation,
Landau posited the simmetry for the combined operation of parity (P)
and charge conjugation (C) = CP Conservation
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CP Symmetry

From Gino Isidori:
http://scienzapertutti.Inf.infn.it/P1/schedaCP.html
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1964

5211 K, =& * + m candidates

The long-lived neutral kaon decays
into two pions ~0.2% of the times

Trom left : Val Fitch, Q(gme Turlay, jlm Cronm and Jim Christenson. n-L'_'J_IU
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Compelling Puzzle: Baryon Asymmetry
of the Universe (BAU)

ANTIMATTER'S

| GOME MISSING...

i ~ ~ -10
r]quark'nantiquark/nquark (PI’OtO Umverse) r]baryon/nphoton (TOday) 9%10
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Why CP-Violation is so cool

Andrei Sakharov (1967) conditions
for BAU:

To allow the development of an
asymmetry between matter and

anti-matter

1. Violation of Baryonic Number

Scanned at the American

Institute of Physics 2. Thermodynamic Non-equilibrium

3. Violation of C & CP
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TTWuand C N Yang PRL 13 380 (1964)

The ratio of the decay amplitudes of K2 to Kl to 1t+ T

O  is given by:

A b j(dy) = £+ &£
= 8 o+ p—_—
N~ (2 A »
i i(JE’fO) e . '
i =& ~. 1.2 A°A2e' ¢ L €
By 1965 |n,.| measured to be
(2.04 £ 0.14) x 10-3
and coherence established
Jim Cronin

If £ >>¢ then ng|=2|n,|
If € /e small then |n,/n,|=|1-3€/¢|
If superweak £ =0
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CP Violation and the neutral K mesons

I _ _
|KS,L >=—[(1+8)|K0 > 1(1—8)|K0 > ¢SW ~tan” z(mL mS) ~ (43521005)0

(I+1e ) I,-T,

T,-=&7 2 n_=AK, > 1)K, —>r1)
Moo =€ -2¢ Moo =A(K§ —>/‘T0/‘Z’O)-"{(Kg- —>71'n")

. Im4, Ay, =AK" = 7,1 =0,2)

E=F +] Indirect

Re 4,

J2¢' = ie"” " (Re 4, /Re 4,)x(Im 4, /Re 4, -Im 4, /Re 4,)

P K, »a'7")ITK,»nr'n")

=0, /n,_I'=1-6Ree' /¢

K, —»a'a)/T(K,»xa'n) Direct

Double ratio technique where systematics drop out to first order
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13
Taku Yamanaka

In mid 1970’s

@

Kleinknecht, Ann. Rev. Nucl. Sci., 26, | (1976)

* “lIt is not easy to improve substantially the
experimental precision. A decision between
superweak and milliweak models of CP
violation will therefore probably have to
come from other experimental information
outside the K° system.”
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Massive new

%:____ N , _ experiments launched
: In the early '90s
# to clarify the puzzle
~ CERNNAYM | CERN NA48

FNAL KTeV
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NA438

leA48 simultaneous and collinear K5 and K; beams |

= SPS spill length : 2.38 s
e Cycle time : 14.4 s Ksanticounter not to scale !
i . R
g, Proton momentum : 450 GeV/c KS ( AKS) :r :
] Target . '
g \
£ \ A K
N | S
“s K, Target
‘ A
0 [
v
B
/ ;
o
]
~

/

Muon sweeping

I0p3RQq

Bent /
crystal
Last collimator/ <>
| Kg tagging stationl
| Same decay region |
~126 m ~114m o
Kg and K1, beams are distinguished by proton tagging upstream of the Kg target

e Two beams and two target
* Simoultaneous detection of K,
Ks into t*r and mtPm®
* K decay distinguished by proton tagging
(30 MHz)
* 0.1% background levels

Electrode structure (half) of the
Liquid Krypton Calorimeter, now used
by NA62, cold (~120 K) since 1998
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Final Results:
Ky —»ntn) /T (Kg - 7tn)

'Ky — n'nY) /T(Kg — n°n°)

T+—
Moo

2
~ 1+ 6Re(c/e).

Re(€'/e) = [19.2 £ 1.1(stat) + 1.8(syst)] x 10~%

= [19.2 £2.1] x 1074,

Re(e'/€) = (14.7 4 1.4 -

— (14.7 -

Zuoz, Augut 14, 2018
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KTEV

-0.9+1.5) x 1074 NA48
1074,
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VALUE (units 10_3) DOCUMENT ID TECN COMMENT
1.66 £0.23 OUR FIT Error includes scale factor of 1.6.

1.68 £0.20 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram ,
below.
1.92 +0.21 LABOUZAID 11 KTEV Assuming CPT 8 /8 P DG 2 0 18

1.47 £0.22 BATLEY 02 NA48
0.74 +0.52 £0.29 GIBBONS 938 E731
e o o We use the following data for averages but not for fits. ® e
2.3 +0.65 2,3 BARR 930 NA3L
WEIGHTED AVERAGE

1.68+0.20 (Error scaled by 1.4)

!

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

2

X
-+ ABOUZAID 11 KTEV 1.3
—+ BATLEY 02 NA48 0.9
- - BARR 93D NAS31 0.9
"""" GIBBONS 93B E731 25
5.6

(Confidence Level =0.132)
| | | I J

-1 0 1 2 3 4 5
Re(€ /) = (1-|moo/n1—|)/3
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Re(e/e’): Theoretical Predictions

e _ 10_4[ Im )\t

[{a1 = Qepp)(—4.1 + 24.7B§7P) + 1.2 - 104B§?]

1.4 10—

[7] Z. Bai et al. [RBC and UKQCD Collaborations|, Phys. Rev. Lett. 115 (2015)

Re 6,/6 no.21, 212001 doi:10.1103/PhysRevLett.115.212001 [arXiv:1505.07863 [hep-
, lat]].
gxperlmenlts 16.6 £ 2.3 [8] H. Gisbert and A. Pich, arXiv:1712.06147 [hep-ph].
uras et al. [9] 9] A. J. Buras, M. Gorbahn, S. Jger and M. Jamin, JHEP 1511 (2015) 202
KNT [10] . . doi:10.1007/JHEP11(2015)202 [arXiv:1507.06345 [hep-ph].
Pich et al. [§] 15.0 £ 7.0 [10] T. Kitahara, U. Nierste and P. Tremper, JHEP 1612 (2016) 078
BEF 11 550 L 8.0 doi:10.1007/JHEP12(2016)078 [arXiv:1607.06727 [hep-ph]].
[ ] : : [11] S. Bertolini, J. O. Eeg and M. Fabbrichesi, Phys. Rev. D 63 (2001) 056009
Lattice QCD 1.4+6.9 doi:10.1103/PhysRevD.63.056009 [hep-ph/0002234].

° Penguin A

Elements
XPT Loops (Fs

S e

C. Sachraida, Kaon2016:
“g’[€ is now a quantity which is amenable

A. Buras and T. Pich, MITP Mainz, “NA62 Physics Handbook” . .
to lattice calculations

Experiment: ~1.7 x 102 SM Predictions: ??
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CPT?
NA48/1 PLB 610 (2005)
(1+itangsw)[Re(e) — i Im(d)] = Z A(K, — f)*A(Ks — f)/T's

final
. . states f Collimator
Bell-Steinberger relation N AL
ay 10% x Re(ay) 10% x Im(ay) ? ) + 7
o = n4_ Br(Ks — mtnm) 1.146 £0.015 1.084 + 0.016 . 1051 + . J_ + e, .1.+¢+;I-
an = 100 Br(Ks — 7070 0.51140.008 0.488 % 0.008 3 15 ‘H"l' T
8 — 8 + Opry = Ty Br(Ks — 1) 0.003 £ 0.000 0.003 = 0.000 § 0.95
S a3 = 272 Br(Ky — mlv) x =: o_g__ . 6 FitlregionI ﬁ . .
[Re(e) — Re(y) — i(Im(z) + Im(6))] —0.001 £ 0.007 0.005 = 0.006 L 0o 1 2 3 4 5 6 7 8
ap-0= Zm_oBr(Ky — ntrn0) 0.00040.002  0.000 % 0.002 110 <E, <115 GeV
8 —_— 8 5 000 = T g Br(Ky — 31°) —0.00140.007  0.001 % 0.008 % 1l
L — Saf 1658 +£0.024 1.581 % 0.025 ! yosl it
<l LIVE S SO TR S TS|
E i + + 4+ 1'*1-'1' + +T .H. +| I
5 § 0.95
Im(5) = (—02 + 20) X 10 , s osf o
¢ Violates CP . ootz 3 458 T8
| Re(e) = (166.4 £ 1.0) x 1075. | .
O Violates CP e CPT 5 v Jf
105 T
2 g #4 JerH |
19 g Tt
mgo — My = (—0.2 £ 2.8) x 107" GeV/c?, § oo T
e 09
@ 0o 1 2 7 8
Lifetime /g

I'pt + |77000|2€ I'st

+ 2 D(p) (Re(nooo) cos(Am t) — Im(nggo) sin(Am t))

6_%(FS+FL) t

I37ro(t) X e
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Kaons & CKM, Cabibbo Angle (V. ),
Unitarity Tests & Room for “exotics”
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Cabibbo-Kobayashi-Maskawa
(CKM) Quark Mixing i vis unitary

nxn real parameter

I/ud I/us V 2n-1 unphysical pahses
n(n-1)/2 rotation angles
VCKM — I/cd I/CS I/C (n-1)(n-2)/2 complex phases
V V V For n>2 CP Violation is
td 1S automatically possible!
PDG 2018
V4l = 0.97420 £+ 0.00021 0* — 0" super-allowed nuclear 3 decays
|Vl =0.2243 + 0.0005 Kaon semi-leptonic and leptonic decays
V4l =0.218 + 0.004 semi-leptonic D decays and neutrino/antineutrino
V| =0.997 £0.017 Average of semi-leptonic D and leptonic D, decays
V| = (42.2 £ 0.8) x 103 Combination of exclusive and inclusive B decays
IVl = (3.94 £ 0.36) x10-3 Comb. of exclusive and inclusive charmless B decays
V| = 1.019 £ 0.025 Single top-quark production cross-section

V4 & Vs accessible from FCNC processes (loops)



Constraints on the UT

(excl. at CL > 0.95)

PDG 2018 thVb + V Vb + Vua’Vb = ()

The unique measure of CP-Violation in the SM is the
area of the Unitarity Triangle (Jarlskog invariant J)

J=(3.18+0.15)%107



Leptonic Decays & V/

(K—1(v,) my
mw—(v,) 2

J1+%(c - )]

Lattice QCD input (FLAG 2016)
Using typical inputs fK’/fx’

(Blucher and Marciano, PDG2017): FLAG2016 i
1 FLAG wverage for Nl +04)
.L ETM 14¢
FNALMILE 14A
\ ETM 1 3F
HIGCD 1 4A

’ ) MLC 134
q | MILC 1] ¢ )tul o, on

Ne=2+1+1

K= ) 336700)

r('ﬂ: - MV(}/)) ‘ lflm‘m(r:)o:": LR 2y

RBCAUKGCD 12
— lmha l

— — r’m.TW
: Lé/mxcc ma
' WSC808
9 PMH 10
— — LOCTNTWOCD 094 (stat err. on'y)
» ILC OWA
NLC 09
Aubin 08
P;‘CS (S 08, 0BA

.

fee _

Ne=2+1
1LiT_ W |

(29) N, =2+1+1

| B
I
-
=
o
o
o

ML i

N I FLAG awverage for k=2
‘s ETM 14D (stat. wrr, only)
ALPHAIB

(A
ET“ l(JDt stat. e, only)

l ‘I_.A GCDSHAUIKGCD 07

N1=?

V. =02253(7)

114 118 122 126



Semileptonic K decays and V

_GiM;

I =
- 1927,

(L0 +00,)CH V. P FA0)

Input Input
from from
Experim Theory
ent
I(Kg) Rates with well f.(0) Hadroni matrix element (form
determined factor)
radiative corrections at zero momentum transfer (z
:O)
*Branching Ratios dsy2 Form factor correction for
SU(2) breaking
Lifetimes
lk({M}k,) Integral of form factor QLS Long distance EM effects
over phase

space: parameterizes
evolution in 7

*Kez: Only A, (or ', A,”)
*K.3: Need A, and A,

C?=1 (1/2) for neutral (charged) kaons



Evolution of Experimental
Input Semileptonic Decays

BR(K ;) [%] BR(K ﬂ3) [%] 7[ng|
K0 IIIIIIIIIIIIII III|IIII|I IIIIIIIlII
PDG’04 -+ —— ——
PDG ’08 + + -+
FlaviaNet 10 t i -+
IIII|IIII|IIII III|IIII|I II|IIII|II
9 4 27 215 51 52
o BR(KJ%W BRIk, (%) t[ng
Illllllll |I||III|IIII|II | | | | |
PDG'04 —+ —— ——
PDG 08 - ' ——
FlaviaNet 10 + 1 —a—

Illllllll Illllllllllllll | I | | |

8 5 52 32 33 M 123 124
V_, Revolution” with experimental input changing ~ 5% 1n some
cases.....Input from many experiments:
BNL865, KTeV, ISTRA+, KLOE, NA48, NA48/2 26
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V| £.(0) from world data: Update

Vi £:0) Approx. contrib. to % err from:

.0'218 %err BR T A Int m@ZOIG ' f+ (0)

0.214 0.216

FLAG average for N=2+1+1

ETM15C
FNALMILC 13€
FNALMILC 13C

009 020 0.11 0.05

o
N
(3]

K3 0.2163(6)

FLAG average for Nem2+1

RBCAUKQCD 154
RBCAUKQCD 13
FNALMILC 121
OCD 12

AOCo 11
RBCAUKQCD 10
RBCAUKQCD 07

K3 0.2166(6) 0.5 0.8 0.1 0.06

(=]
N
(o]

Ne=241T Ne=24%141

(&)

Ke3 0.2155(13) 061 060 0.02 0.1f1 0.

FLAG average for Ne=2
H % égg (stat, err, only)
KteS 0-21 71 (§) 0-36 0.27 0-06 0.22 0.05 i [ - ggg%;fﬂ (stal, eer, only)

- JLOCD 05
s JLOCD 05

=2

. 2 Kastner 08
et Cirigliano 05
Jamin 04

L o Bijnens 03
—— Leulwyber B4

*u3 0.2170(11) 051 045 006 0.22 0.06

| IR | 1

non-lattice

0.214 0.216 0.218

Experimental determination of 7us from kaon decays — M. Moulson (Frascati) - CKM 2016, Mumbai, 1 December 2016 27 QC D sur eﬁ co | o) ( F I_ A G 2 O 1 6)

For: £ (0)=0.9704(32) Nf=2+1+1./ _

094 096 098 1.00



CKM Constraints at low energy
(PDG2018, Blucher&Marciano)

° | Vud | 2+ | Vus | 2+ | Vub | 2= 09994(4)(2)
first error from V4, second from V.

e Exotic Muon Decays: since they are not
considered in the G extraction and CKM unitarity
works:

BR(exotic muon decays)<0.0014 95%CL
* New Heavy Quark Mixing:
|V,51<0.04 95% CL
* V  determinations from tau decays:
0.2216(15) (2 o below unitarity)
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Rare Kaon Decays, new physics in
loops?

Zuoz, Augut 14, 2018 Augusto Ceccucci/CERN
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Search for New Physics..Indirectly

* Discoveries are almost always anticipated by arguments
and indirect evidence:

GIM: Charm ~ GeV
Limits of Fermi theory: --> W,Z @ ~100 GeV
CP-Violation--> 3 generation of quarks
Flavor, EW fit: m(top)~170 GeV
EW fit: m(H) = 100 +/- 30 GeV
* Now that guidance from indirect evidence has dried up...
we are left with arguments:
—  Hierarchy problem: NP close to EW scale
—  WIMP miracle: NP close to EW scale
—  Unification of gauge couplings
e We need to keep studying rare and forbidden processes
to look for deviations from the SM predictions

e wWwh e
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Bounds from Flavour Physics

Isidori and Teubert, arXiv:1402.2844 CSM CNP
Alts = 5+ X) = Ao | 15+
w
Standard Model ,New Physics* A [TeV]
wo__ Y AN 0P 3
A + /’ "\ 10° ¢ 2" ~ exp(ignp)
b | uct Vv s b | X 1\ s F
A+ Ay 103
2
= Csu_| Cne| Probes physi 107
Agsi = A 0[ my, ’ A J — atriﬁl'?e\lc/)-sz:sall(lzes ]0;

*Cannot test A and ¢, at the same time*

Operator Bounds on A in TeV (¢np = 1) | Bounds on enp (A =1TeV) | Observables
Re Im Re Im

Gy dz)? | 0.8 x 107 1.6 x 10° G0x10-7 34 x10° P
(3rdr)(52dr) | 1.8 x 10 3.2 x 10° 6.9x10°° 26 x 10~ Ki &K

Gz uz)? | 1.2 x 10° 2.0 x 10° 56x10 7  10x10 7 ,
(Grur)(crur) | 6.2 x 10° 1.5 x 104 57 %1078 1.1 x10°8 Ampi lafplo, $p
(ryPdr)’ | 6.6 x 10° 9.3 x 102 23x10°%  11x10° o aimioer e =
(brdr)(brdz) | 2.5 x 10° 3.6 x 10° 2.0x1077  19x 107" me,i sin(26) from Ba =)
(ryPsr)? | 1A x 10 9.5 x 107 50x10°  17x10° .
(brsr)(brer) | 4.8 x 102 8.3 x 107 88x10-¢  20x10° | 4mssi sin(gs) from By = ¢é
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Rare Kaon Decays

_ : -21
e’ [¢ is very sensitive to K'e Zepto-Universe (10°%)

BSM
Hopefully lattice QCD will Charm | a2 | | crmirom
allows one to make a _ Top ‘ o Trees
precise prediction 1J‘|J Ifz) 1J
. . . gle | f Lattice
For the time being it Z) ‘
remains a qualitative test == Towards
of SM IB_)Ki (K)W‘ gJ Zeptouniverse 3 | e
On the other hand, rare In 12 Steps [
kaon decays are sensitive ( K—smnw 7 . 1 B
to BSM and they are j @ @
precisely calculable in B> X[IT _—
SM-> quantitative test BoK ()T | B_) = )
->Ky
oooooooooooooo A. Buras

Zuoz, Augut 14, 2018 Augusto Ceccucci/CERN 32



Kaon Rare Decays (Overview)

(psn)
K 07
L — T VV
0 —
Kg — mlete
0 - 0 -
K — mlete K — 7y
K — eeyy
3 T T 1-5 B T 1T | T 1T T 17T L | ——— | T T 17T ]
KL_) noe+e— [KS—)TCOC-'-C_] : excluded area has CL > 0.95 % K vy (NA62) :
n ¢ ¢ 1.0 : ]
K, - p'n - ‘ ]
— < " '
L pp C (th. uncertainty) ; :
2 -y, KT, K > e'ep'p] i 05 - \\‘ Phase 2 E
I K —mvv (KOTO) L
= 0.0 L l Phase 1 / i
| j : ]
05 -
0 sidori 1.0~ ‘ -
2 ! 0 ! 3 p 4 i % Prospective study on rare Kaons
_1.5 i 1 11 1 | 111 1 ! 111 1 | 111 1 | 11 1 1 | 1 1 1 1 ]
-1.0 05 0.0 0.5 1.0 1.5

g
=)

K Rare Decays as quantitative test complementary to B physics
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/(1.3 MeV/e?)

Candidates

Pull

HCb: K. 2u*u-

Can use “long tracks” to reconstruct K%
Trigger limitations will be overcome thanks t

the LHCb upgrade

. 1013 KO/fb"
°
°
'y LHCD
TOSuubin9 ]
10} :
10";‘ 3
72_""111.,,|:
10 500 550 600
Kg2>m o
combinatorial Iy [MeV/c?]
— _ _
opp——1 it
_<E
00 550 500

._] l— T T T T I T T T T T T T 1
o I ]
0.95} LHCb -
I BR<8 (10)x107 | -

0855 @90(95)%CL N
oo ]
0% 1 2 3

B ') x10°

BR (K->py) limit at 95%CL [x10°]

_.
m
o

0.2

£ .04

>

A 0.6
0.8
1.0
12

L T T T
r (.
£ | ‘
S VI
r | [
Eol Lo
ol [
. Lo
Fol Lol
u | Lo
Fo b
co Lo
FL . . L
0 1 2 4 6 87z T(m)
| |
|
} | Upstream track
\ [ ,
| \ T o~ |
| ~ Longtrack  Ttrack j_ 4~
e Downstream track 1Tt
VELO - T ——
VELO track ‘~\\\
-~} .
T1 T2 T3
/

o
-

N
4 R\
0%
O

¥
%
5
o

20000800000 oy
Soo e
XXX
R0 T
sy
R

o
(=3
=

XK
3?00‘

s

P

TR &
BRRRINKN

%
oy
RN

N0 et
ERRRRRREIRRRN
P02t tots? dotetetete

30K
00Tttt et tutetute et et totetotetotetoteto et et ot ot dotetotetotetotete!
000000 00%000 et t0 ettt totetotatete atetotetototetotetetotetetotetitotetotatels

D. Martinez Santos, FPCP’17

259,99

TN X%

2222000000

KN BRI KIKIAKEK

X

RS
0008 doteteteteto%!

AP

00K
0%,

e U O O S 000,

J
%%

I
R e e hh H A 0o

S XX ]
Y L neoretica ore anteresting
O oTaTaoroTatetoto % otetonatetotorabetotaronotaedds
IR
o o IO
NI 020000000000000000000000000000000000000000000%
: eeeteteteteteietetetetetel

XXARRAXAKK,

X XXX KKK SO0 9 000009999,
000029 9099999 90099998 000099909 09.9.9.99.09.9.9.9,
i
XG5S ERRKKKL St

VAT 998

4

BRI

KA
0

SO
099999

000 1
CXXE
S5

LHCb-upgrade

Phase-1l-upgrade



PLB 576 (2003)

NA48/1 BR(KS—)TCOe-l-e-)

_ Lt 0 events found in control region
06 - . - || 7 events found in signal region

0.49 -

i e P
0.134 0.136
0.55

Probability BG only ~10-19

m, IGeV

0.5 - l
0.45
_ . FIRST OBSERVATION OF
0.4 K(—nle*e- with m,>165 MeV
035 s s o e 5y BRI D) e 15738713 £02) 107
m. /IGeV Using MonteCarlo
with unit form factors
BR(Kg — n'e’e”) =(5.815;(stat.) £ 0.3, +0.8,,,,)-107
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PLB 599 (2004)

NA48/1 BR(KS—)RO u+ W)

017
> oI6E o e 0 events found in control region
Qo 'J;" 6 events found in signal region
015 | ‘o
S

0.14 -
= i (%]

0.13 £ FIRST OBSERVATION OF

0.12 | ’ K—alutu-

011 =543 046 048 05 052 0.4

mum(GeV)
0O + - +1.5 -9
BR(Kg > 7 p p)=(29.,(stat.)£0.2_,)-10

Zuoz, Augut 14, 2018 Augusto Ceccucci/CERN 36



a, and K, estimates

v" a_ can be extracted using both decays:
= 1.06i8§8
=1.557,;

0.07
0.05

BR(K, > n’e’e’)=52-10"a; =a,
BR(K, > 7n°u"u)=12-10"a; =a,

v'The results are compatible taking into account
experimental errors

v" Using |a | and current value of Im(\)

BR(K, — ”Oe+e_)CPV =7 5o 2907 +50) 107"
BR(K, — ﬂ0ﬂ+lu_)CPV = 307 + i) 107" 0'

Cf. PDG (KTeV)  BR(K,~> mlee) < 2.8 10090%CL

M. Raggi NA48 Collaboration

BR(K,~2 m°uu) < 3.8 101°90%CL
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Kaon Rare Decays: Scenarios

The K, 2> n? e*e” (u*w) is very difficult to pursue not only
because of the K. component but also because of
irriducible radiative backgrounds (eeyy, uuyy)

K* =2 m*vv is very important but experimentally not easy:

1. Within the SM it measures|V,|) with small theoretical error

2. itis sensitive to new physics because the SM contribution is
very suppressed

The study of this rare decays has been done, so far, with
decays at rest (DAR)

The CERN experiment NA62 is studying it with decays in
flight

K - nt®v measures by itself the height of the unitarity
triangle. Experimentally is even more challenging
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_ Theoretical error budget
The FCNC process K*—>a"vV  Buras. et. al., JHEP11(2015)033
B(K* — ntvw)

(s})l'.lf

2.9% PO (X)

1.8 %
Vol 999 >

Xi

° other

B FCNC loop processes: s — d coupling and highest CKM suppression
B Theoretically clean: Short distance contribution
@ Hadronic matrix element measured with K ,decays

B SM predictions:[Brod, Gorbahn, Stamou, Phys. Rev.D 83, 034030 (2011),
Buras. et. al., JHEP11(2015)033]

BR(K™" — n"vv) = (8.39£0.30) x 10~ Vsl )™ ( i )0'74 (8.4+1.0) x 10~
TT p— . . _— = . .
0.0407 73.2°

B Experimental result:[Phys. Rev. D 79, 092004 (2009)]
BR(K" — nmtvw) = (17371, 2) x 10~ (BNL, "kaon decaéf)? at rest”)
TH -1 °
K, — atv BR = (3.4 + 0.6) x 10" BR <2600 x 107" 90%CL

KEK 391a,PRD81 (2010)
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K*—na"vv Beyond the Standard Model NA6Z Q

B Custodial Randall-Sundrum [Blanke, Buras, Duling, Gemmler, Gori, JHEP 0903 (2009) 108]
B MSSM analyses [Blazek, Matak, Int.J.Mod.Phys. A29 (2014) no.27],[Isidori et al. JHEP 0608 (2006) 064]
B Simplified Z, Z' models [Buras, Buttazzo,Knegjens, JHEP11(2015)166]
B Littlest Higgs with T-parity [Blanke, Buras, Recksiegel, Eur.Phys.J. C76 (2016) 182]
B LFU violation models [Isidori et al., Eur. Phys. J. C (2017) 77: 618]
B Constraints from existing measurements (correlations model dependent)
#* Kaon mixing, CKM elements, K, B rare meson decays, NP limits from direct searches
Z'(5 TeV) in Constrained MFV Randall Sundrum LFU violation
mm {AMp, AMp} Q20 40
— [ 1 b= sptp” @20 (1503.06199) ngy I
T _1.5x10 r
g 5.x1071 f ::. .:. 5 A %’ 20F
= L
N/ < 1 IR IO,
) . N N | 0 5x10" 1.x107°1.5%x107°2.x107°2.5x 1071°3.x 107*°
BR(K* — mtww) [10-1] B . . . .

10" x BR(K* = ntwi)
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Loop Effects from Vector Leptoquarks

arXiv:1007.02068 A. Crivelling, C. Greub, F. Saturnino

k=1, M=1TeV

mbocrvio

mb-ocrv2o

mb-ourvlo

[ b->urv2o

B Kt > atw ~z
excluded

— BrK* - 7t v]x1010 -0.1

-~ Br1[B, » 17 ]x10?

—— Br[Bs » tt77]x103

-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
K K3
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Techniques for K*2>xa* vv
“Stgpped” “In-FIight”

— Work in Kaon rest frame — Decays in vacuum (no
— High Kaon purity scattering, no interactions)

(Electro-Magneto-static — RF separated (very

Separators) possible difficult) or unseparated
beams

— Extended decay regions

— Compact Detectors

Argonne <5.7x10° Stopped; HL Bubble Chamber
Bevatron <5.6x107 Stopped; Spark Chambers
KEK <1.4 x 107 Stopped; n* —> ut —>e*

E787 AGS (1.57*17° 15, ) x 1010 Stopped

E949 AGS (1.73*115, s ) x 101 Stopped; PPN1+PPN2

NA62 SPS Taking Data In-Flight; Unseparated
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E787/E949 Technique

“The entire AGS beam of 65 x 1072 (p/ spill) at a momentum
of 21.5 GeV/c was delivered to the E949 K* production target”

o E -Duty Factor: 2.2 s / 5.4 s ~ 40%
e 1 int. length Pt target
- -Before separators: 500 x : 500 p : 1 K
coler - '\?ﬁjl ST -After separators: Purity K:x ~ 3-4 : 1
K+eeam7ke—5qf«++\: - —%ﬂl *Incoming 710 MeV/c K* identified
S Upy B0/ B4\ TGl DRV by C and slowed down by BeO and

Active Degrader

«~27% K* stopped in the target (1.6 MHz)
*1 T solenoid

n*: Delayed Coincidence
K*: C x B4 x Target Range
Energy
Momentum
nt> ur->et
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Arbitrary Units

E787/E949: Final Result

arXiv:0903.0030v1 PRD79:092004,2009

u'v (B4)

mhatn (056) a'n? (21) 1
& A

T

|

0 20

200 250 300

100 150
Momentum {MeV/c)

B(K*>x* v ) = (1.73*115, ) x 10-10

Range (cm)

Y
[$)]

L
o

30

25

10

20 |

15

- E787/E949

[ This analysis
[ A E949-PNNI
WV E787-PNN2
@ E787-PNNI

-lllllllllIlllllllllllllllllllllllllllllllllllllll-

50 60 70 80 90 100 110 120 130 140 150

Energy (MeV)
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Kaon physics @ NA62

B 14-18 NAGZ2:K'—a vv
#* 2014 Pilot run
* 2015 Commissioning run

#* Full detector installation
completed in September 2016

% First 7vv dataset in 2016
(Covered here)

# Continuous data-taking until the
end of 2018

~ 200 participants from: Birmingham, Bratislava, Bristol, Bucharest, CERN,
Dubna, GMU-Fairfax, Ferrara, Firenze, Frascati, Glasgow, Lancaster, Liverpool,
Louvain, Mainz, Merced, Moscow, Napoli, Perugia, Pisa, Prague, Protvino, Roma |,
Roma Il, San Luis Potosi, Sofia, Torino, TRIUMF, Vancouver UBC
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NAG62 Data Taking

2016: 13 x 10! ppp on target (40% nominal) ~1 x 10! K* decays useful for tvv
2017: 20 x 10! ppp on target (60% nominal) > 3 x 102 K* decays collected

x 1012 2017

‘; E Total: T4 1.41E+18, T10 7.06E+17
© 3.5 '—From Argonion
8 E From reconstructed K'—x*x*x" Tiichiricl
O 3.0 '[=From reconstructed K*—x*x° 1
+ [ 2227 All Detector Flags o.k.
e 2.5 [
Y B
O 20F
— =
v =
2 15|
- 1 0 E Technical Stop
Z T I“
- - Aug15 Sep1 Sep15 Oct1 Oct15
0 |— l'l‘ l | L L I A 1 L l il 1 |£l 1 Til 1 lll l ll L
1s’p ’]\200 ’]\ 220 240 260 280
Junt Jun1s  Jult Jul15  Augt Day of 2017

« 2018 Data Taking umtil November 11
« 218 days of protons (full SPS run!)
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Analysis strategy VNA62 Q

NEW B Keystones of the analysis:
in fli 2 = 2
Detgizrl?qﬂfht M’ iss = (Px—Prrs) %* Timing between sub-detectors ~ O(100 ps)

% Kinematic suppression ~ O(10%)
% Muon suppression > 107

% TV suppression (from K*—1r*m® ) > 107

B Signal and background control regions are
kept blind throughout the analysis

5 “’éé 02— K 5 (y)
Fll—ﬁo‘m ;_ Process Branching ratio
0.16—
0141 K* 1110 0.2066 15<P_.<35GeVic
oa- Ko K*—p'v, 0.6356 Particle ID(Cherenkov detectors)
I | . .
0.1 K Tr 0.0558 + Particle ID(Calorimeters)
0.08— . Photon veto
0.06 f— >
- o Region Il
0.04—
0.02F- s 2TV (x101)
0: i | | | I K on'n'n

. Ii - 1 - 1 L1 1 - 11 1 11 1
-0.04  -0.02 0 002 004 006 008 01 012
mZ,., [GeV?/c*)
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NAG62 beam and detector

Augusto Ceccucci/CERN K *—m *vv : first NA62 results (A. Ceccucci)



NAG62 beam and detector

X [ml MUVO

LAV

RICH
Target KTAG GTK

°] = Ee—mmc CHANTI— Vacuum ;
1 l l RICH
- : ' D
_2 GTK: Si pixel with o, ~100 ps : :_':(i Hme
STRAW: in vacuum chamber
0 100 150 200 250
Z [m]
B SPS Beam: B Secondary positive Beam: ® Decay Region:
#* 400 GeV/c protons * 75 GeVic momentum, 1 % bite #* 60 m long fiducial
#% 2.10"2 protons/spill % 100 urad divergence (RMS) region
2 : - +
% 5s spill [3s eff] / ~16 s % 60x30 mm*“ transverse size * ~ 5 MHz K" decay rate
% K*(6%)/p*(70%)/p(24%) % Vacuum ~ O(10°)

% For 33x10" ppp on T10 mbar

- 750 MHz at GTK3
Detector and Performances: arXiv:1703.08501

Hit rate [kHz/mm?]

-30 -20 -10 0 10 20 30
X [mm]
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traws Tracker

a
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Kaon — Pion Matching (Time and Space)

KTAG — GigaTracker — RICH time matching > Kaon decay time (tgecay)

- GigaTracker — Straw Spectrometer spatial matching (Closest Distance of Approach, CDA)
1% (<3.5%) K mis-tag if KT track (not) present, dependent on beam intensity
75% K* reconstruction and ID efficiency

Kt - ntntn " control data

10° K* - ntntn"control data 10°
291200 N J —e— K (data) ’§4500 —e— K' (data)
= "o~ 110 pPs — Boam Particle (data) l5)4()()() c~1.4mm — Boar Porticle (data)
Z 00 - 4
=
= X Z -
800 — = 3000 -
i 2500 [
600 |- 2000 -
400 — 1500 E—
: 1000
200 — E
C 500 —
O—Jlllllllllllk_ 0: L L O PRSI PR Swres - - L N
-06 -04 -0.2 0 0.2 04 0.6 0 5 10 15 20 25 30 35 40

Terk-Tkrac [0s] CDA [mm]
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Signal Region Definition

K" decay events in the fiducial decay region

:g [ NA 1l04 Three ways to compute the m?____
8 % m?_(STRAW, GTK)
Tl foo oM % mz (RICH, GTK)
005 | 2 ?03 % m?___(STRAW, Beam)
2 o T ——, 77777 m Protects against mis-reconstruction
T — 1l02 Kinematic suppression
B % Measured using data
0051 * Samples of K and K,
- . # Selected using calorimeters
N 2%

0540 20 30 40 50 60 70 80 go 100 M Fraction of events in signal regions
p.. [GeV/c]

(resolution tails)
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40

Candidate | X center | Y center | Radius

644mm (1054 mm| 165.6 mm

-300 200 -100 0 100 200 300 400
X (mm)

K™ NA62 Preliminary

2015 Data

5 60 70 80 9
P [GeVic]

1



Particle ldentification

"

0.95
0.9

085
0.8
0.75
0.7
0.65
0.6

0.55

0.5"

PID it efficiency
Calorimeters 77%
RICH 80%
> 0.85 T I ol oy z
£ Calorimeters ot 0Md s
éa 0.85 T T [ ‘ —0.12 é é)
g oz A A 008 %
: 0.06 £
2 065 ' =
y ‘0.04 t
0.65 nt 0.02
0.55" ¢ 20 25 30 35 !

Momentum [GeV/c]

ut efficiency
0.6-107°
2.5-1073
-~ RICH —— Cooes §
i -~ 0.008 2

=0.007°
: 3
~10.006
~0.005
~0.004
~0.003
~0.002
~-0.001

Momentum [GeV/c]

Augusto Ceccucci/CERN
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2

Photon Rejection

Timing coincidence with signals in LKr, LAV, SAV not associated to t*and tdecay
Coincidences of signals in LKr and hodoscopes not associated to tt, in time with tdecay
No hits in time in HASC and MUVO (off-acceptance veto); segments rejection in Straw

- Typical timing coincidences: +3 =+ +10 ns; energy dependent time cut in LKr
Fraction of surviving Kt = n*n® (15 — 35 momentum range) : ~2.5 - 1078
High suppression of KT - nttn*n™, K - ntn~etv

10° Before rejection After rejection

Control data <2
(downascaled 400) / \

N

PNN data

-
—
L

—
2
=3
—_
<
.

dAN/(0.00065 GeV*/c?)
=2}
2 8
\\‘
dN/(0.00065 GeV*/c?)
/

g &
Ny
/

;§,,“

-
0 T o W T W S U N T S SN T T ST TN T ST T ST S S T S vl Y | | P oY S VRN ST ST TN (NN SN W TN SN N VRN SN SN (NN ST WY U SO NN SNNUN YU MR

0.015 0.016 0.017 0.018 0.019 0. 02 0. 021 0 015 0.016 0.017 0.018 0.019 0. 02 0. 021
miss [GCVZ/C4] mlss [GeVZ/C4]

°, L B S W R
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Signal Acceptance

Computed with MC assuming a vector form factor
Including PID and interaction losses

~ 0.02 -
§ - —e— Total Acceptance
3 0.018 I Acceptance Region 1
wn 0.016 — [ Acceptance Region 2
> 0.014 -
2 -
3 0.012 : ;
= -
S 0.01
& L
< 0.008 F : %
0.004 —
0.002 =
0 : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
15 20 25 30 35
P_.[GeV/c]
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Single Event Sensitivity (SES) NA6Z Q

:'E 0;3% EIK - wveMe Source dSES (10717
3 0,@3% Random Veto +0.17
E 0.06% Nk +0.05
: 0’04§22 Trigger efficiency +0.04
0'034%31 | = Definition of 77" region +0.10
—0.02% Momentum spectrum +0.01
—0-04§ Simulation of 7+ interactions +0.09
:g:ggg.|....|....[....|....|.. Extra activity +0.02
15 20 25 n*m?)?nentum [3(§eV/c] GTK Pileup simulation +0.02
Total +0.24

B Signal acceptance : 4 % (before random veto)
B Normalization acceptance : 10 %
B Control triggered K*—m*m® used for normalization

® Number of kaon decays in the fiducial volume : N, = 1.21(2) x 10™

SES = (3.15 1 0.0154q: £ O°24syst) : 10—1()
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Random Veto

. Random signal losses due to y + multiplicity rejection measured with K* — p*v
- (egy) = 0.76 % 0.04 independent from P_+, dependent on instantaneous

intensity
> 1
g ~
2 09—
o -
= 08
= —
0.7 -
0.6 —
0.5 -
04
— ——=—— Photon + Multiplicity Rejection
0.3 — I Photon Rejection
0.2 f_ LKr Veto
= a LAV Veto
0.1 — o SAV Veto
0 :I 1 1 | 1 1 1 I 1 1 1 I 1 1 1 1 | 1 I 1 1 | | 1 1 | 1 1 1 | 1 1 I 1 1 1
90 270 450 630 810

<Intensity> [MHz]

|
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K*—m*m9(y) background

[—
<&
7

dN/(0.00065 GeV*/c?)
= 3 3

[—
)

K*—1t 1m0 . e Data Control Sample

d ecays MC Control Sample
Minimum.bias

MC K*>a*n°(y)

R13¢ ¢ R2

\_

“"“"JHrL
i

t‘i” I|| |
Sl .w ) il h W.'n . M
OO0 P A o ai
-0.04 -0.02 0 0.02 0 04 0.06 0.08
mlss [GeV2/c ]

NAGZ ()

N €ZP (05 1 0y 0 king,. -
NeP(region) = N(nTn”) - f*"(region)

Kinematic rejection indipendent from
photon rejection

N(mt*tn®): events (data) in T+ region
after mTvv selection

R tails, from mrn®control sample
selected on data tagging the m°

fkin(Rl + R2) ~ 1073 [not radiative]

Radiative: % + ¥ = X 30 ° rejection
in R2

Augusto Ceccucci/CERN
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K*—m*m9(y) background

0.1

—e— K — w'n’(y) bg (data driven)
J —e— SM K" = w'vw (MC)

—

0.09
0.08
0.07
0.06
0.05

N events R1+R2

[ —

0.04
0.03
0.02
0.01

.

III|IIII|III\‘IJH‘HH‘H \‘HH‘HH‘HH‘II\I

| | I ‘ I [ | | I | I ‘ - ‘ I | I | 1 ‘ 1

16 18 20 22 24 26 28 30 32 34
7" momentum [GeV/c]

0

B Data driven background estimation

B Control region validation: 1 event observed (1.46 +/- 0.17 expected)

Nb

T (y

) = = 0.064 = 0.007 544t = 0.0004,s¢
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K*—u*v (y) background ilﬂﬁzga

NP (region) = N(u*v) - f¥"(region)

v

‘{; 106 - J ® Data Control Sample
'*; . || mc control Sample - Kinematic rejection indipendent from
8 10° ;_ ) particle identification
[n -
g 4 i +.. o + .
S 10° = N(u™v): events (data) in p™v region
S - after ttvv selection
Z 10°
o [ Y / fKm: tails, from ptv control sample
10°=¢ B | selected on data with p* — ID in calo
L g L -
10 T||F|r'r1 A d '
i M‘.”'..H".. !h ?'“ . fH™(R1) ~ 1075,1073 [15,35] GeV/c
1 | | | | H | IH - fH(R2) ~ 0(107°)

-0.04 -0.02 0 0.02 0 04 0. 06 0.08 |
[GeV?/c?] . Radiative included in f¥"

mlSS

|
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K*—»y"vy(y) background

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01
0|||\¢\|\|!..1!Q.[!..|1|1?|||||1|1|\|[||

16 18 20 22 24 26 28 30 32 34
7* momentum [GeV/c]

—e— K — utv,(y) bg (data driven)
J —e— SM K" —» wtvw (MC)

—

N events R1+R2

—

.
°

|||||I|H|HH‘HII|IIII|I| \‘HH|IIII|IIII‘HH
e

B Data driven background estimation

B Control region validation: 2 event observed (1.02 +/- 0.16 expected)

NP9

i(y) = 0.020 £ 0.003544¢ = 0.0035, ¢

Augusto Ceccucci/CERN K *—m *vv : first NA62 results (A. Ceccucci)
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Upstream Background: Estimation NA6Z Q

Bifurcation on PNN triggered data inverting: K — m matching (Cutl); box cut (Cut2)
BCD: reference sample, A: signal region

Hypothesis Cutl and Cut2 independent
Procedure validated using different sets of values for Cutl — Cut2

Cutl

B-C

A(exp) = =

U

A E€TPp _ = n+0.090
B A upstream — O'O")O—O.DZ}() stat

Good

<
<«

—

«— » Cut2
Out of In box
box

4]
0Q
>
L

region
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Background summary

Process

Expected events in R1+R2

K" — ntvw (SM)

0.267 £ 0.001s¢0¢ £ 0.0204y5 £ 0.032,4¢

Total Background

0.15 4 0.09,0¢ + 0.014y4

K+ — ntn°%(v) IB
Kt — utv(y) IB
Kt —wntn et
Kt s atata™

Upstream Background

0.064 £ 0.007 540t £ 0.006y¢
0.020 £ 0.0034¢4¢ £ 0.003 4yt
0-018t8:8%?’|stat £ 0.009yst

0.002 £ 0.001s¢0¢ £ 0.0025,4

= +0.090
0.0!.)0_0‘030 stat

Augusto Ceccucci/CERN
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Results

0.12

0.1
0.08
2 0.06
0.04
0.02
0
—-0.02
-0.04
—-0.06

_ . L
0.0 15 20 25 30 35

¥ momentum [GeV/c]

[ ]JK* - m*vwwMC
—4-data

[GeV¥/c?]

2
m;,

L T Y
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Results

0.12

0.1
0.08
20.06
0.04
0.02
0
—-0.02
-0.04
—-0.06
—-0.08

[GeV2/c4]

2
m;,

I Y

[ ]JK* - m*vwwMC
—4-data

Augusto Ceccucci/CERN

15

20

25

30 35
¥ momentum [GeV/c]

One event observed
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Results: RICH ring for the event

150~
100 o
oy jeXe
50 / )
oF O ':
5 O mopt e
~50[ "
- Q
—1 OO_— '
-150~ . e
_200—_II | I | I | I\I\;—;-[_I_-I-_I_]-]_]—;—; ] | I | I | |

-300 -250 -200 -150 -100 -50 0 50
Mom 15.3, Mirror 24 ( 258.8), Frac M 1.000 0.000, PMT 1.000 0.000

______________________________________________________________________________________________________________________________________________________________________|
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Results

BR(KT — 7tup) <11 x 1071 @ 90% CL

BR(KT = 7tup) < 14 x 1071 @ 95% CL

B One event observed in Region 2
B Full exploitation of the CLs method in progress
B The results are compatible with the Standard Model

W Forcomparison:pp(g+ — xtup) = 28744 x 10711 @ 68% CL

BR(KT = ntup)gy = (8.4+1.0) x 1071

BR(K" = D) epp = (17.37152) x 107! (BNL, "kaon decays at rest”)

Augusto Ceccucci/CERN K *—m *vv : first NA62 results (A. Ceccucci) 69



NAGZ ()

Bottom Line: the novel NA62 in-flight technique works

Summary PNN

One event observed in 2016 data

BR(KT — ntuo, <14 x 107" @ 95% CL

Processing of 2017 data ongoing
20 more than the presented statistic
Upstream background reduction expected
Methods to improve signal efficiency under study

2018 data
Further mitigation of the upstream background is expected
Processing on parallel with data-taking: monitor of data quality
Final 2018 reprocessing expected by beginning 2019

Expected about 20 SM events from the 2017+2018 data sample
Input to the European Strategy for Particle Physics
Solid extrapolation to the ultimate sensitivity of NA62 achievable after LS2
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KOTO EXPERIMENT

30

Matenals and Llfe Sc1ence S _
Experlmental Facmty =
- e

Collaboration photo
at J-PARC(June. 2018)
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Ki—m%y v decay

. Breaks CP symmetry directly . Small theoretical uncertainty:2%

. Suppressed in the SM

-> Sensitive to New Physics

Br(KL—>m°%v v)

- 0-8 | < Direct limit(KEK E391) 2.6x10'9
Below
Grossman-Nir bound ... Grossman-Nir bound
09 —f=< oo _
Indirect limit from Kt—=m+v v
O 10— <1.5x10°9 ) J _
New Physics.
'I S I P Standard model: 3.0x10-!
902, Augut 14, ZOISi Augusto Ceécucc'/CERN) 72
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KOTO Principle

K.~ mOv v decay

K. Shiomi, ICHEP 2018

Neutral beam line

target
/ I

proton

“2 v +Nothing+R¢t”

Assuming 2r from m©,
Calculate z vertex.

M2(r0)=2EE>(1-cos 6)

Calculate 70 transverse momentum Rec Z
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KOTO DATA TAKING

First Physics run(2013 data)

(oo}
o

9
o

=
o
Beam Power (kW)

N
o

Q TOE-iffe ol :
A ok | | New results from |
"5 __ ceerrberens .. E
2 F | |the2015 data
,_=, 50:_ .............. ......................... —
§ 40:_ ............................................. .
S .aE il
< 30 :_ ............................................... .‘ ;

20 z_ ' ............................................. ‘

10 E_ ............................................ 8

0 b————== YA | L. o

Zuoz, Augut 14, 2018

2013 2014 2016 2016 2017
Dec Dec Tan Dec Dec
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Results of first physics run

Vie]
wm
=

: w0 Observed, Expected

. 2013 100h data
(PTEP 2017 021COT) g

P, M

« Observed/Expected=1/0.34

« BR(KL>m%v v)<5.1x1038
(90% C.L)

Largest background

( -I ) Pion produced at detector upstream. ( 2 ) Particles missing in the downstream gap 3 Neutron direct hit on CsI

10
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-Co

~BG mechanism in physics run

Halo neutron background

llected control samples to study of neutron clusters

~Special run to take control sample

With TOmmt Al plate inserted
in the neural beam

)

500 55007
450} %4501
400/ 2 400

F &F
350 ®3501

- g3000 .
3005 £ 300f -
250 250 .
2001 2000 -
1500 150} ’
100F- 100

S0t s
saliy

PN S . Loyl [T TETE ]
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 0
Rec. 7’ Z I[mm] Y, \9 Rec. 7’ Z [mm]

12

10

Biovol 1 Livual (| 1
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 0

Zuoz, Augut 14, 2018

Augusto Ceccucci/CERN
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Halo neutron hitting upstream

detector

Csl calorimeter

NCC

Halo neutron

.o

« The number of upstream events
expected in the signal box

. 0.04+0.03

Zuoz, Augut 14, 2018 Augusto Ceccucci/CERN

Rec. " P, (MeV/c)

-
' ! -
b Pl 0.04+0.03 \
; . .

2000 3000 4000 5000 6000
Rec. n°Z,, (mm)




Halo neutron hitting the materials

near the Csl Calorimeter
Charged veto

n event MC 0 event MC
o S00¢ 1 ~ 500;
~ - v
> 450 = 450
§ 400= = 4005
- 350 . - 3505
g 250 g 250 ; 0.04
e 2005 | 0-006 & 2000 I 0.03
150 0.004 150:
o 1oL 0.02
50 0.002 50 0.01
E 1 1 | A /| 0: y ’ ’ 0
073000 3000 4000 5000 6000 14 2000 3000 4000 5000 6000

Rec. n°Z,, (mm)

Roe w07  (mm)

S —
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Results of 2015 analysis

Summary of background
Inside the signal box

= 500c 6
background source #BG ; 4505_ L ‘ . : . g
Halo neutron hitting CSl 024:017 | = 4005 .| S— ‘ 5
Halo neutron hitting upstream N \-i'- 350344 __ —— 10 4
detectors 0.04+0.03 B 3002244827) 027015 [ 0.11:008
54 = A
n background 0.03+0.02 . 250 _.:1".?-_-_-. 3
< - " )l
> - S
KL->7+m-10 005:002 | & 200 '%f; é_54i0_]6_2
KL->270 0.0240.02 1505 ¥ '
(171 o S— .
other BG sources 0.02+0.02 505 — | 1.0
oF | 140:0.15 0
Sum 0.40=0.18 2000 3000 4000 5000 6000
Rec. n° Z . (mm)

SES ] .3X ] 0_9 cf. Grossman-Nir bound <1.5e-9
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Open the signal box

. No signal candidate observed

S.ESx 2.3 ]

BR<3 OX ] O -9 @90%C I— [with Poisson statistics

500
450
400
= 350F
300F
250
200
150
100

S0
0

Rec. 71’ P, (MeV/c)

2000 3000 4000 5000 6000
Rec. 7’ Z , (mm)
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KOTO PrOSpeCt

. 2016-2018 data analysis is ongoing

. 1.bx (physics data), 10x (neutron data)
->With 2015-2018 data, we can reach S.E.S of 5x10-10

« From this summer

. We will upgrade detectors to suppress background.

. Ex. Calorimeter upgrade Talk Detector R&D 7/7 14:24 by Kotera
against neutron BG. Poster D26 by Mari

. We will improve analysis to recover acceptance

. Beam power will increase from 50kW to 90kW gradually,
after installing a new production target to the Hadron Hall in 2019.
->We aim to go below 1010 in a timely manner
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K, -»n’vv: Comparison of Techniques

Background Level (ImmPb/5SmmScint)
Pictixre adapted from KAMI proposal

e ge—

o
>
4
o
=
S
=
o
~
O
S
va)

10"

K Energy (MeV)

KLEVER@SPS SES is unique if the E391a/KOTO technique is established
KOPIO (Time of Flight) technique at the needs 100 ps long proton bunches




A K, — 7% experiment at the SPS K, EVER

400-GeV SPS proton beam (2 x 103 pot/16.8 s)

incident on Be target atz =0 m M. Moulsson, ICHEP 2018

LAV 16-21 LAV 22-25 MEC

UVAFC LAV 1-15 e—
£ K, — B N H H == 11" 1T 1"
1 <) =40Gev M H N H\*\ _ y \
l . NM | | 1, 18SAC
«— FV—> T~ 7
y > CPV
80 m from target 130 m 170 m PSD 2415m
Main detector/veto systems:
K,eveR target sensitivity: UV/AFC Upstream veto/Active final collimator
5 years starting Run 4 LAV1-25 Large-angle vetoes (25 stations)
60 SM K, — vy MEC Main electromagnetic calorimeter
S/B ~ 1 SAC Small-angle vetoes
PV '
sBR/BR( n,ﬂvv) ~ 20% C Charged particle veto
PSD Pre-shower detector
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Beam and intensity requirements K EVER

K; and A fluxes in beam * 400 GeV p on 400 mm Be target

FLUKA simulation . Production at ¢ = 8.0 mrad:

momentum spectrum

K, produced  As much K; production as possible
10° (p) = 40 GeV * Low ratio of n/K, in beam ~ 3
4 produced « Reduce 4 production and soften
107 _ {p>=90GeV

» » Solid angle Af = 0.4 mrad

dN/dp [pot-1, 5 GeV bins]

10°® s
My « Large Af = high K flux
G ih » Maintain tight beam collimation to
- K inFV ]‘ improves p ;, constraint for
107 {p) =27 GeV

background rejection
« 2.1 x 10~° K, in beam/pot
 Probability for decay inside FV ~ 2%

E Ain FV
10" (p) =255GeV

10"2- ]
Elllllllllll__llllllllllllllHHJ_‘IIII .AcceptancefOrKL_)nOVVdecayS

0 50 100 150 200 250 300 350 400 occurring in FV ~ 10%
p [GeV]

19 =
107° pot/year (= 100 eff. days) x 5 years q> 60 K, — 7w events

Zuoz, Aéugﬂ-, g)l% 1013 ppp/1 6'8 S Augusto Ceccucci/CERN
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Small-angle photon veto K Fver

LAV 22-25 | MEC

. LAV 16-21

UV/AFC LAV 1-15 7T 1

: S d; 1l y
gy o | N 111 y
" i,

| M ﬁ | y \

s o CPV
80 m from target 130 m 170 m PSD 2415m

Small-angle photon calorimeter system (SAC)

* Rejects high-energy ys from K; — 7°2°
escaping through beam hole Beam comp.

Rate (MHz) Req.1-¢

« Must be insensitive as possible to y, E>5 GeV 50 10-2
430 MHz of beam neutrons v, E>30 GeV 25 10-4
n 430 -

Baseline solution:
» Tungsten/silicon-pad sampling calorimeter with crystal metal absorber
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Efficient y conversion with crystals K EVER

Coherent effects in crystals enhance pair-conversion probability
Tungsten (W) Tungsten (W)

c c
.g 7- .9 1.8 4 E,,/=10 Gev
sl el
S E, =200 GeV 5 1] E,=5GeV
'g | for different 'g 1.4
x ¢, and temp s —sceven
= 4 D e S A —
o | ©c ——100 GeV ¢=w2
o 3 Q. X /\_‘
— — 34
7] [7)
o 2 _ (s Ey=100GeV

1 Courtesy of V.V.Tikhomirov 1

1 T T T T T T T T T 1 0 T T T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000
0;.c [Hrad] 0;.c [Hrad]

Use coherent effects to obtain a converter with large effective 4, /X,:

1. Beam photon converter in dump collimator
Effective at converting beam ys while relatively transparent to X,

2. Absorber material for small-angle calorimeter (SAC)

Must be insensitive as possible to high flux of beam neutrons while
efficiently vetoing high-energy ys from K, decays
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Preshower background rejection K,EVER

Preshower vertex z,,. vs. LKr vertex z,. « K, — %7 1 year equivalent
Z,oc FECONStructed by imposing M(yy) = m., * NocutsonFV,p,, rmin

Even pairs (2 y from same z°)
1 y converts in preshower
250

L 977771 evts total

E
g
v"200F 4591 evts sel

150

100

50

s
)

Ollllll":-l.rll'lll L1 ol v a

=116C

=114C

=112C

=110C

0 50 100 150 200 250

zrec LKr [m] .
Zuoz, Augut 14, 2018 Augusto Ceccucci/CERN

Odd pairs (2 ys from different z°)
1 y converts in preshower

IIII'I'IIII'I'II
A T

o aadl s s a1l li'l.::-’-i"];*"".

50 100 150 260 250
Zrec LKr [m]87
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Basic signal selection K Fver

No hits in UV, AFC, LAV, SAC + fiducial volume (FV) and p , cuts

_ K, —aw K, — a7z’ (yy from same #°
ST o5 — 05E
8 045 30000x scale o4sE- 1.5x scale
0.4F 0.4
4 0355— 0.35;—
Q, osf 0.3;—
0.252— 0.252—
0.2F- 0.2F-
0.155— 0.15F
0.1 . 0.12—
o.osE— . o.osz—
Oy 200 250 3 200 250
_ K, = n’2° (yy from different n’s) K, — a’z’ (overlapped clusters)
> 05 T <10 . — 3

© o4k 1 5x scale 1.5x scale

2

0 0
200 AGZusto Ceccucci/EERN

8
Zrec [m Zrec [m]

0
7u8z, Augut T4, 2018



Additional background rejection K Fver

Cluster radius ryec > 35 cm — Require zpgp in FV if PSD hit available

K, —aw K, = 7’2’ (yy from same 7')
S’ osg 05E
O osE 30000x scale o4sE- 1.65x scale
g 0.42— 0.4;—
4 0.35;— 0.352—
Q, osf 03f-
0.25F- 0.25F-
0,2.:7 022—
0.15fF 0.15F-
0.12_ 0.1;—
°‘°5§_ ' o.osz—
Oy 200 350 Op- 200 50
= K, — #n’z° (yy from different z%s) K, — n'z’ (overlapped clusters)
05 . .
] 120
@ o4 1.5x scale g » 1.5x scale
9 ) ._.' : 100
-0 ] i
Q

Zuo?, Augut 1492018 100 Augd®¥to Ceccucu/CERN
Zran [m] Zrec [m]




Status and timeline K EVER

Project timeline — target dates:

2017-2018 Project consolidation and proposal
« Participation in Physics Beyond Colliders
« Beam test of crystal pair enhancement
* Input to European Strategy for Particle Physics
» Expression of Interest to CERN SPSC

2019-2021 Detector R&D

2021-2025 Detector construction
 Possible K12 beam test if compatible with NA62

2024-2026 Installation during LS3
2026- Data taking beginning Run 4

Most groups participating in NA62 have expressed interest in KLEVER
We are actively seeking new collaborators!
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Other techniques for K,2>n° vv

The techniques of KOTO and KLEVER are a bit
“brute force” because there are no additional
constraint (the momentum of the K is

unknown)
PHI Factory: ete2>¢—> K, K,
Advantage: Monochromatic K, large acceptance

Negative: small cross section, luminosity is way too
low at Vs~1.02 GeV

“KOPIO”
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40nsec

KOPIO Concept

Zuoz, Augut 14, 2018

Augusto Ceccucci/CERN
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KOPIO Concep

500

A o ANKE data -
o lagmars
400 4

300

(d%6/dpd<Q [nb/(sr MeV/c)]

100 ﬁ Ii |
> I W’;HJH
& 1L
KOPIO-like: TOF to determine Kaon Energy e
*Knowledge of E, allows rejection of 0 200 400 600 800 1000 1200 1400
Pk (MeV/c)
two body decays
ldeal fora CW p LINAC ~3 GeV

*Pointing Calorimeter
*4 7t veto for neutral and charged particles
*Small Beam instead of flat beam

*Excellent bunch timing
High flux of low energy K°
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Outlook

Still waiting for lattice QCD calculation for €’/¢

Precision on unitarity tests involving kaons approaching
0.1%, contribution due to V4 no longer negligible, nice
interplay of lattice QCD and experiments

On the kaon rare decay side:

— LHCb is competitive for rare decays with uu in the final state

— NAG62 is taking data and aims to make a Br(K* =2 wt* vv)
measurement at the level of 10% to bridge the large gap
existing between theory and experiment

— KOTO aims to steadily improve the limits on Br(K,=> nt®vv)

— There are plans to propose to measure Br(K, = nt®vv) at the SPS
(KLEVER)

— The nice KOPIO concept is currently not pursued



Lepton Universality, Flavour and
Number Violation in K decays

Zuoz, Augut 14, 2018 Augusto Ceccucci/CERN
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NAG62 sensitivity for LFNV decays MIEZQ

Decays in FV in { 1 x 103 K* decays Single-event sensitivity
2 years of data 2 x 10'2 z* decays 1/(decays x acceptance)
Mode | UL at90%CL | Experiment | NA62 acceptance’
K — mute 1.3 x 10~ BNL 777/865 e

K — riuer 52 x 1010 BNL 865

K" — mute’ 50x 10-10 BNL 865 ~10%

K — me'et 6.4 x 1010 BNL 865 ~5%

K — muut 1.1 x10°° NA48/2 ~20%

K*— wve'et 20x 108 Geneva Saclay ~2%

K" — evuut no data ~10%

m° — ute

3.6 x 1010 KTeV ~2%
m° = we

* From fast Monte Carlo simulation with flat phase-space distribution. Includes trigger efficiency.

~10-12 for K* decays

NA62 single-event sensitivities: ~10-1" for z° decays

Zuoz, Augut 14, 2018 Augusto Ceccucci/CERN 96



Rare and Forbidden Decays: K> muu

50% 2016 + 25% 2017 Data: Ng = 6.3 x 1011
World-largest K* » nttptp~: ~4.6 x 103 events (BR~1077)
Wxpected 10K; competitive measurement
Search for K¥ - t—ptpt is not limited by background: SES = 2 x 10~11

Sensitivity to K* - t*S,S - ptu™: SES ~ 10710 for lifetimes up to O(1 ns)

‘i; ‘T[+u+ W —— Data

a1 0°F K ->rruty
b= OK'-»n'n'n
z COK'»r'pp”
10

c

o

>

w
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o
w

—
o
N

lllllll T IIIIIIII T IIIIIIII T llIIIIII T T TTTTT

-
o
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R
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=
=
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—
o
w
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-
o
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o

-
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K -ty
K »nn*n

Blinded region
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Rare and Forbidden Decays: K-> nee NA62 Q

50% 2016 + 25% 2017 Data: Ng = 1.3 x 1011
Background — free ~1.1 X 103 events for mge > 140 MeV/c? (BR~3 x 1077)
First observation at mge < 140 MeV/c?
Sensitivity to BR(K* - nm*X)BR(X = e*e™), 10 < myx < 100 MeV/c?: 0(107°)
Search for Kt - m~etet is not limited by background: SES = 2 x 10719

‘i; N g —s— Data
> 80:— > [ JKoree
E 703_ z I K onrn eiv
< F fl 10°F [ Korrn
.g 603— .g C | K on e, ioye'e
o F o Bl K >, i>e’ee’e
- 50 w [ Korn®, i>e’e
400 10
301 | | | {
200 i it T Ty [
C 1E -
T L L R z
u Arie + .
: ) 11 I 1111 I L1 11 I | I L1 11 I | | I 1 |‘| : 1 I | |
00 50 100 150 200 250 300 ; 500 .
M, [MeV/c?] M, [MeV/c?]
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Lepton Universality: R =K., /K

I'K* —e*r) m (1‘1’1% — m?
T2
mg — m?

2
) . (1 + (SRII.{(‘d‘COIT')

SM

R, SM = (2.477+0.001)x10-5

Cirigliano & Rosell PRL 99 (2007) 231801

A13

-

BSM ~ e.g. Masiero, Paradisi Petronzio
K ( PRD 74 (2006) 011701,
LFV JHEP 0811 (2008) 042

Example:
(A45=5%x1074, tanp=40, M,;=500 GeV/c?)
RMSSM = R, SM(1 0 Qs



Ry world average
{ Tevatron Run |

PDG 2008| «<—— Our average ‘ “§3

_

7

Clark et al. (1972)

v

Heard et al. (1975)

7

Heintze et al. (1976)

77
7%

T

A
2

KLOE (2009)
=PDG 2010

Direct searches at LEP

Excl. by R, (95% CL)
NA62 2007 B A3, =10 x 107
full data set ; — sy ] ASIR =5x%x 104
SM —> Ryx 10 excluded Bl A, =1x10"

I||lll ||Illlllllllllllll llllllllllIllllllllIlIIIIllIIlllllllllllllII

2.4 2.5 2.6 2.7 2.8 0.1 02 03 04 05 06 07 08 09 1
my, [TeV]

Average Ryx 10° OR /Ry
PDG 2008 2.447+0.109 4.5% 4 2

LFV . pSM Mg Mg\ 312, 6
Current  2.488:0.009 0.4% Rk~ ~ Ry 1+mz}_’ o Az'|” tan® B

MSSM with R parity
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Prospects: Ry

25% 2017 Data: N = 3 x 1011, world largest sample of Kt - etv 4 x 10°

Study of lepton universality in K: ~ X0
o [ (—e=Data b
R = I(K* - e*v)/T(K* - u*v) PR =
(c?‘ 160:—=: :u‘: :u ::; ssream ______________________ ______________________ ______________________
Theory (SM) : S LB wv s o) |
8140_-K‘ »u'v(u’ > e*)upstream fooffo b U WO
Rk = (2.477 + 0.001) x 107° G N
[Phys. Rev. Lett. 99 (2007) 231801] 5120:_ ...............................................................................................................
Experimental Status (2007 NA62): 100
Rg = (2488 + 0.0075ta¢ + 0.007y5t) X 1075 80F gl
[Phys. Lett. B 719 (2013) 326] 60 ___________________
NAG62 Present: novel method to measure Rk w0
using u* — e*vv for normalization o
59 S N N | S
No systematics uncertainties that limited
the 2007 NA62 measurement 0~ 005 01 015 02

Squared missing mass [GeV?/c*]

______________________________________________________________________________________________________________________________________________________________________|
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Exotics: HNL, Darks Particles, ALPs,...
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Search for Heavy Neutral Leptons
from K decays

531106 KEK (1984) I NAG2-2007

z KN K «oun | Analysis of NA62-Ry 2007 Data (Phys. Lett. B772 (2017) 712)
F o\ N e T e About 60 million K™ decays in the fiducial volume

g 2 M o Improved limits on |U 4| for my, € (300,375) MeV/c?

5 Analysis of NA62 2015 Data (Phys. Lett. B778 (2018) 137)

107 Yk vV S
g msrest v | About 300 million K+ decays in the fiducial volume
i e New limits on |U;4|? reaching 10-6 — 107

L AT Tl e — for m, € (170,448) MeV/c? (Kt — et N4) and

PIENU (2017) E949 (2015)

xe'N KN for my, € (300,373) MeV/c? (Kt — utNy)

10»9 ol b b v b baa s Lo Laa o I Futureprospects
50 100 150 200 250 300 350 400 450
HNL mass [MeV/c')l o Major analysis improvements with NA62 2016—2018 high
B(Ki — I£Ny) intensity data (beam tracker fully commissioned)

|Ul4|2 — ¥ T
B(K* = I*v,)pi(mn,)

______________________________________________________________________________________________________________________________________________________________________|
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Heavy Neutral Leptons in NA62 (Dump) MAEZQ

Scenario 1

Belle

' EWPD

10

b INAG L
mN L projections

W
) DELPHI

“with 108 pot

~,.'. FCC -“

U2:U%:U2 = 52:1:1

Normal hierarchy of active v masses

Scenario 2

949

10"

.
BNF"-_

Bell

.....

EWPD o®
LS
DELPHI \)\,:C: """
NAG62 projectipns

with 108 pot

10712

10
m, [GeV]

U202 U2 = 1:16:3.8

Normal hierarchy of active v masses

Scenario 3

10°
10710 o
10—11 F

1 0—12 L
10"

EWPD

DELPHI

_ NAG62 projectiops
“. |NAS2 - with 108 pot

.
.......

1 10

10
m, [GeV]

U2.:0%:U% = 0.061:1:4.3

Normal hierarchy of active v masse

These sensitivities assume to detect all 2-track final states, including open channels, and

zero backgrou

nd

Window of OEEortunitx to search for HNL above the K mass in the near future

Augusto Ceccucci/CERN
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NAG62 sensitivity with 1018 POT

Dark Scalar: Dark Photon:

(\?1073 T T T T \L\H\C\l\)\ Bll‘ T "ILUX‘l& 060—4
c v “ elle -5 . . . Babar, NA48/2, KLOE, Al, etc ]
%04 — [« B oK - Super CDM 10—6 \ AN DU T IET. 4 :‘i..:- é
AR 0o E, AL 1
108 EHAR;\I- o d 107 " T ¢t _z{:. — - e
§ —ee, 1" . -8
M 10 '
10° Super CDM§*""" "~ -9 T b
g SNOLAB »* s LZ 107°F  Sso_ 0 SRON NA62 pr tian
107 E S¢ T LHe W 10 TT==a projec S
E B 5K* up == 1
= 10°
107 E . . 10712
- NAG62 projections jpe
9 .
10 % Wlth 1018 pot 10_14
101 -15 ] — Excludedregions | p137.ND S ve.. - .
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The Dark Scalar sensitivity plot assume all 2-track final states, with zero background
The Dark Photon projections are for di-muon final state only and (still) miss the
inclusion of the two dominant production processes (QED, QCD): the curve is very
conservative!
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NAG2-Dump sensitivity for ALPs— vy

ALP production via Primakoff effect at target;

Search for ALP — vy in NA62 fiducial volume, account for geometrical acceptance
Assume zero-background, evaluate expected 90%-CL exclusion plot
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Significant potential for Axion Like Particles searches

Augusto Ceccucci/CERN K *—x *vv : first NA62 results (A. Ceccucci)
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