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o Yesterday: a brief historical tour (with some news)
o Kaons and CP
o Chiral Perturbation Theory
o CP violation and CPT tests
o Today: latest results
e Form Factors
o Rare and radiative decays
o Lepton universality
@ Tomorrow: a new generation of experiments

e FCNC
e KoTO, NA62, ORKA

Antonino Sergi Recent results from Kaon Physics 2/38



Introduction Discovery C'P ChPT
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Introduction Discovery C'P ChPT

Discovered in the '40s(cosmics) - '50s(lab):
@ Introduction of Strangeness
o K and K" with the same mass? No
@ Weak interactions do not conserve Strangeness
o K9 and K" are not mass eigenstates
@ Assuming C'P is conserved:
° CP K'=RK'
K'+ &)
Ky = )
o K; and K5 are CP and (maybe) mass eigenstates

—
(K
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Introduction Discovery C'P ChPT

Discovery of CP Violation

o If K7 and Ky were mass eigenstates
o K; (CP = +1) would not decay in 777~ 7" (CP = —1)
o Ky (CP = —1) would not decay in nt7~ (CP = +1)
o So the lifetime of K7 would be << of the K3's one (= 600
times)
@ It's almost true:
o "Sometimes” “K," decays in w7~
@ Then it's not true, therefore:
e The mass eigenstates are Kg e K :
o Ks =K +eK>
o K =Ks+eKq

e E CP is not conserved
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Introduction Discovery CP ChPT

C' P Violation in the Standard Model

@ ¢ is the indirect C'P violation (mixing)
o Classical parameters:

_ KL—>7'K'+7T_ o ’
® M- = Roomin= —€T€
K 070 /
@ 7oo = K;j:(J:o =e€— 2
’
o Ap= oo — ¢y = —=3Im(%)

e ¢ is the dirct C'P violation (decay)

@ All described in the Standard Model by the
Kobayashi-Maskawa mechanism, that predicted the third
generation of quarks

b
c12€13 512513 s13€” 0P
5 s
—512C23 — €12523513€"°C7  C12C23 — S12523513€"°CT 593€13
5o is
512823 — C12€23513€"°CF  —cC12823 — S12C23513€"°CF  ca3C13
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Introduction Discovery CP ChPT
/

Measuring € and ¢

e € O(1073)
e 74— of ngp, because € << ¢, but better in the interference

region
° 2R€(6) — Kr—n 1ty — Kp—ntl™ v

Kr—n—ltv + Kp—ntl—v7
e ¢ O(107):

e not accessible from the previous measurements
Moo |2 _ e
° =1—6Re
|n+7 | ()

@ In practice?

e € was measured in both ways since '64
o < had to wait the end of '90s
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Introduction Discovery C'P ChPT

Low en

@ Most kaon decays governed by long distance physics

@ Non perturbative QCD
@ Chiral Perturbation Theory:

o effective field theory in terms of QCD Goldstone bosons

e expansion in powers of momenta and quark masses over
Ay =1 GeV

o theoretical framework both for (semi)leptonic and nonleptonic
decays, including radiative decays

o pseudoscalar-octet + electroweak operators

o a set of Low Energy Constants to be extracted from
experiments by measuring Form Factors
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CPV,CKM

€ /e

@ Measuring all the 4 decays simultaneously to exploit cancellation of
systematics
@ NA48 and KTeV were designed to do so:

o Intense K beams at high momentum (for K, — 7°7%) with
decay regions ~ 100m for both experiments

o Production of Kg by means of a regenerator (KTeV) or a
second target close to the decay region (NA48)
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CPV,CKM CPV CPT Vys

€ /e
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CPV,CKM

€ /e
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CPV,CKM

€ /e

@ Measuring all the 4 decays simultaneously to exploit cancellation of
systematics

@ NA48 and KTeV were designed to do so:

o Intense K beams at high momentum (for K, — 7°7%) with
decay regions ~ 100m for both experiments

o Production of Kg by means of a regenerator (KTeV) or a
second target close to the decay region (NA48)

o KTeV:
Re(2) = (2.071 £ 0.14844; £ 0.239,,5,)107° =
(2.07 +£0.28)1073

o NA48:
Re(%) = (1.47 + 0.14440¢ + 0.09440¢/syst &= 0.15545)107% =
(1.47+£0.22)1073
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CPV,CKM CPV CPT Vys

€ /e

0.007
0.006 | World Average: Re(e’/e) = (16.8 + 1.4) x 10
0.005 |-
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0.004 |

0003 ‘%
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0.002 | KTeV (99) + +
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0.001 |
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CPV,CKM

€ /e

@ Measuring all the 4 decays simultaneously to exploit cancellation of
systematics

@ NA48 and KTeV were designed to do so:

o Intense K1 beams at high momentum (for K7, — 7°7%) with
decay regions =~ 100m for both experiments

e Production of Kg by means of a regenerator (KTeV) or a
second target close to the decay region (NA48)

o KTeV:
Re(<) = (2.071 + 0.1484; 4 0.239,,5,)10~% =
(2.07£0.28)1073

o NAA4S8:
Re(£) = (LAT 4+ 0144101 £ 0.09,001/syst £ 0.1555)1073 =
(1.47 +0.22)10~3

@ World average Re(%) = (16.8 £1.4)10~*

@ Lattice QCD result with poor precision [Phys. Rev. D68 (2003) 114506]

@ New approach: using experimental value as input to IQCD
[arxiv:1206.5142[hep-lat]]
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CPV,CKM

K¢ — 07970

® 7000 = ﬁ;jﬁ;ﬁ =€+ €90 (€hpp = —2€ to lowest order ChPT)
@ Standard Model prediction: BR(Kg — 37°) = 1.9 x 107?
@ SND (direct search) 1999: BR(Kg — 37°) < 1.4 x 107°

@ NAA48 (interference measurement) 2004:
BR(Ks — 37%) < 7.4 x 1077

@ KLOE (direct search) 2005: BR(Ks — 37%) < 1.2 x 1077

o KLOE (direct search) 2012 (full statistics):
BR(Kg — 31°%) < 2.7 x 1078

@ First observation feasible in KLOE-2:

e new inner tracker
o small calorimeters for better photon
coverage near the interaction point
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CPV CPT Vys

CPV,CKM
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CPV,CKM CPV CPT Vyus

Kg — 797070

SIGNAL BACKGROUND
. e o (N
5T v, 5T T
A+ _ATHT T
'x" s, ‘,4__ 22
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N 1l B 1L
\r = ! 1 (5]l p 1
+1 = 1
=~ -~
it [l
) | *‘ UL S j |
N H NH H
N - Enl g | H H |
Stk _ﬁ:}: N1
. ® o )™= splitted clusters
Ks = 3n’— 6y K = 2n® + accidental/splitted clusters

K, - 3m, Kg— m*  (,fake K crash”)
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CPV,CKM

K¢ — 07970

® 7000 = ﬁ;jﬁ;ﬁ =€+ €90 (€hpp = —2€ to lowest order ChPT)
@ Standard Model prediction: BR(Kg — 37°) = 1.9 x 107?
@ SND (direct search) 1999: BR(Kg — 37°) < 1.4 x 107°

@ NAA48 (interference measurement) 2004:
BR(Ks — 37%) < 7.4 x 1077

@ KLOE (direct search) 2005: BR(Ks — 37%) < 1.2 x 1077

@ KLOE (direct search) 2012 (full statistics): .4 100

BR(Kg — 37°) < 2.7 x 108 0 * M background

80

@ First observation feasible in KLOE-2: signal Region”.., - ’

e new inner tracker
o small calorimeters for better photon
coverage near the interaction point
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CPV,CKM

K¢ — 07970

® 7000 = ﬁ;jﬁ;ﬁ =€+ €90 (€hpp = —2€ to lowest order ChPT)
@ Standard Model prediction: BR(Kg — 37°) = 1.9 x 107?
@ SND (direct search) 1999: BR(Kg — 37°) < 1.4 x 107°

@ NAA48 (interference measurement) 2004:
BR(Ks — 37%) < 7.4 x 1077

@ KLOE (direct search) 2005: BR(Ks — 37%) < 1.2 x 1077
o KLOE (direct search) 2012 (full statistics): ¢ 200

E
0 -8 ALY * DATA
BR(Kg — 3nY) <2.7x 10 I, . e bomeround
@ First observation feasible in KLOE-2: 140
3 120 Signal Region
e new inner tracker 100
. 80
o small calorimeters for better photon 0
coverage near the interaction point % \*\;
20

0
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CPV,CKM CPV CPT Vys

Charge asymmetries in NA48/2

o (K* wr¥rm)ocl+g-ut+h-u+k- v
° Ay = 9T—9". CPV in decay

gT+g~
@ SM expectation O(1075 — 1079)
AQ
K* — rfgtn= (15 £22) 107*
K* — 7920 (18 +18) 1074
K* - 7tq7% (00 +£12) 1073
K* — atete” (22 4+16) 1072
K* —atutu~ (12 +£23) 1072
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CPV,CKM CPV CPT

Charge asymmetries in NA48/2
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CPV,CKM CPV CPT Vyus

CPT and quantum mechanics

In the CP-violating process ¢ — KgKj — nta ntn~

T, +T
0 I(At) x e TLAt 4 e TsAt _9(1 — ¢gr)e” e Atcos(AmAL)
@ Am =myg, —mgg, At decay time difference, (51 decoherence parameter

® — 2ss (1— %At), At — 0

| dRa
J Cor = 0.018 £ 0.040,1; = 0.007 ¢
w8 [Phys. Lett. B 642 (2006) 315]
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CPV,CKM CPV CPT Vyus

C PT and Lorentz invariance

Standard Model Extension (SME): a phenomenological effective
model providing a framework for CPT and Lorentz violation
[Kostelecky PRD61, 016002, PRD64, 076001]

@ s =c¢€ +94

@ ) =isin (bsweid’SW'YK(Aao — EK - Ad)/Am

@ Aao, Ad are four parameters associated to SME lagrangian terms and

related to CPT and Lorentz violation
Exploiting interferometry:
Iy +I"

I(At) o [ [Pe TLAt 4 |na|2e~Ts AL — 2)nq||nale™ b= Atcos(AmAL)

ozs [L(AL) (a.n)

° 771+7 6(1 - 5(ﬁ7 t))
o n~ =e(l-d(-pt)
@ Im(d) from small At

@ Re(d) from large At oos

02 [T

an example
with nearly
equal final
states

Aty

26

R =T E=T
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CPV,CKM CPV CPT Vyus

C PT and Lorentz invariance

Standard Model Extension (SME): a phenomenological effective
model providing a framework for CPT and Lorentz violation
[Kostelecky PRD61, 016002, PRD64, 076001]

@ es L = etd
@ ) =isin (bsweid’sw'YK(Aao — EK - Ad)/Am

@ Aao, Ad are four parameters associated to SME lagrangian terms and
related to CPT and Lorentz violation

Exploiting interferometry:
Iy +I"
I(At) o [ [Pe TLAt 4 |na|2e~Ts AL — 2)nq||nale™ b= Atcos(AmAL)

100

KLOE with L=1 fb=! (preliminary):
@ Aa, = (—6.346.0) x 107'% GeV
@ Aay = (2.845.8) x 10718 GeV
@ Aa, = (2.4+9.7) x 107'® GeV

KTeV: Aa,, Aay < 9.2 x 10722 GeV
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CPV,CKM

I(lg(]( — 7'('061/6, K — 7TO/LV’“)

5 G2
© I(Ki3(v)) = ot CreSw | Vus | £+ ()21 (1 + 264, ) +2655,,)
C% =1 for K%, =1/2 for K*, Spw = 1.0232 (short distance EW correction)

o from experiments: I'(Kj3(,)), Ik (form factors integral)

@ from theory: f,(0) (hadronic matrix element at ¢*> = 0),
350(2)r O (SU(2) breaking and long distance EM corrections)

@ extraction of |V,s| allows to test CKM unitarity:
Ackm = [Vadl® + [Vus® + [Vip* — 1

@ FlaviaNet 2010:
[Vis| = 0.2254 £ 0.0013
Ackm = —0.0001 £ 0.0006
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ChPT Radiative

K3 Form Factors

© M = SE|Vusl (F1+ (1) (P + Pr) Ty (1 +v5)u + fo (O)mm (1 + v5)un),
t= q2
@ scalar FF fy(t) as linear combiation of vector FF:

fot) = f4(t) + 7tz £~ (1)

@ f4+(0) not measurable but f (t) = ﬁ—((é)), folt) = ]{i% are
accessible
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ChPT Radiative

K3 Form Factors

FLAG-2 update (G. Colangelo at Lattice 2012)

T — JLQCD 11
[\ HHlHH RBC/UKQCD 10
It o RBC/UKQCD 07
z .
our estimate for Ne=2+1
i ETM 10D
i ETM 09A
~ [ QCDSF 07
Il H—{—+ RBC 06
z HLH JLQCD 05
[ JLQCD 05
{1+ our estimate for Ne=2
] H—@—H Kastner 08
-E —— Cirigliano 05
“'6 —— Jamin 04
- —— Bijnens 03
S —e— LR 84
c

0.94 0.96 098 1.00
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ChPT Radiative

K3 Form Factors

© M = SE|Vusl (F1+ (1) (P + Pr) Ty (1 +v5)u + fo (O)mm (1 + v5)un),
t=q?
@ scalar FF fy(t) as linear combiation of vector FF:

fot) = f4(t) + 7tz £~ (1)

@ f4+(0) not measurable but f (t) = ﬁ((é)) folt) = ]{i% are
accessible

Parametrizations:
@ Pole: assume the exchange of a vector(17™) or scalar (07) resonances (my,s)

2
T _ _™My,s
Frolt) = 505

my,s

@ Linear and quadratic (no physical meaning):
Fi0() *1+)\+0

Trool®) = 15Xy gty + XL (25)°
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ChPT Radiative

Results from K — wlev., K — 7uy,

NA48/2 Preliminary

Quadratic (x1073)

’
Ay

17
AL

Ao

K — 7\'0;141/“
K — ﬂoeue

26.3 & 3.05¢a¢ T+ 2-25yst
27.2 + 0.7s54at & 1. 1syst

1.2+ 1.1ggar £ Llgyss
0.7 + 0.35¢at £ 0.4syst

15.7 £ L.dgpqr + 1.05yst

Pole (MeV/c?)

my

mg

K — Wouuu
K — ﬂocug

873 £ 8srar + syt
879 & 3stat £ Tsyst

1183 %+ 3154a¢ & 165yt

68% Confidence level contours l

68% Confidence level contours .

L] F 14| -
9_ I ':ﬂ_ -KTeV K’ 2 .E
x* KTeV K e -KLOEK' X
=0 KLOE K i - Istra+ K~ “ ke
<l - 10 E
3 Istra+ K E
- NA4S/2 K* £
& preliminary E
r NA48/2 K* o+ k3
preliminary T g i T £}
o o
1 4 2.
4 X 1ok
F s
<
0 + of
- KE i K T
7+ =
4 FlaviaNet Fit K, 2010 o FlaviaNet Fit K 2010 oF
r ) . ‘ ‘ FlaviaNet Fit K 2010 of
16 18 20 22 24 26 28 30 37 34 .36  -4f-ooion-niieeu '2'5 el $ $ 75
S x 10 % 10°

Antonino Sergi

Recent results from Kaon Physics




ChPT Radiative

Combined results from K — nlev,, K — 7%uv,

Quadratic (x1073) N A b
26.914+1.11 | 0.81+£0.46 | 16.23£0.95
Pole (MeV/c?) my mg
877T+6 1176 £+ 31
@ Results for
|6B% Confidence level cnnmurs' Kes and
o) KTeV K° = [ K3 from
=KTeV K’ - _F .
x —KLOEK® *x NA48/2 in
=’{4— =Istra+ K~ < 3 gOOd
- ut- agreement
—NA482ZK* oF -
n preliminary F o ngh
mg precision
- O ] [ T e preliminary
jhe o 4 results,
2 & competi-
X A5E . .
Lo 3 tive with
. = a5F
ther mea-
x + of o
K and K,u:i 1ef surements.
£ combined J Smallest
. FlalviaNtI‘tombi:lfd Fil‘ ZUI(II of- error in the
13' - I2°l . ‘zzl * ‘24‘ * IEEI . I!B‘ ‘:II 6 B 10 12 hL) 16 18 20 COmbII’led
2, x 10 hgx 10°
+ result.
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Radiative

1(64

o K — mhnev,, called Key(+-)
o K — m7n%u,, called K,.4(00)

g, | dilepton

Five kinematic variables (Cabibbo-Maksymowicz 1965):
Sx = M? = M2, cosl, cosb. ¢

T
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ChPT

K.4 Form Factors

Radiative

Partial Wave expansion, limited to S and P waves
[ Pais-Treiman (1968) + Watson theorem (T invariance) |

Partial Wave expansion:
@ 2 Axial Form Factors (F and G):
o = Fye' + Fpe'rcosh,

o G = Gpeiép
@ 1 Vector Form Factors (H):
o H = Hye®r

The fit parameters (real) are:

o (+-) Fs, F, , G, , Hy,
d=06s—10,
o (+-) Fs only (no P-wave)

Antonino Sergi

¢> dependence can be studied from FF
fitted in ¢* bins [ J.Phys. G25, (1999)
1607 |

’ 2
F2 = 214 fog? + Bt 4 e 2y
G
ffigp"'_ qQF_f:D’ P_h
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ChPT Radiative

Ke4(+—) relative Form Factors: fit results (NA48/2)

NA48/2 total statistics (2003 + 2004)

value  stat syst
L1 0152 +0.007 £0.005
10073 £0.007 40.006
2] 0.068 +0.006 +0.007
2 1-0.048 +0.003 =+0.004
%7170.868 +£0.010 +0.010
2 | 0089 +0.017 +0.013
70398 40015 +0.008

Published in Eur. Phys J. C70 (2010) 635
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ChPT

Radiative

K.4(+—) branching fraction (NA48/2)

]

]

Use K* — afatn~ decays as
normalization

number of signal (1.11 x 106),
background (0.95% of Kc4) and
normalization (1.9 x 10°) events
signal and normalization acceptance

(18.19% and 23.97%) and trigger
efficiency (98.5% and 97.7%)

@ BR(K* — n¥nata—) = (5.59£0.04)%
BR(K.1) x 10°
434 2003 ——— 2004

4.3

b L

4.26 R 777 e /Y/////J//////l/// //I/// //[//
4.22
4.18 H K-
- stat. exps total
4.14 T T T T - T T T T
1 2 3 4 5 6 7 8
Sample

BR(KY,) = (4.255 + 0.008) x 105

BR[KY,(+-)] = (4.257 4 0.00451q¢ % 0.0165y5; £ 0.031c5¢) x 1075

Antonino Sergi

Relative Systematic Uncertainty (%)
Acceptance, beam geom. 0.18
Muon vetoing 0.16
Accidental activity 0.21
Particle ID 0.09
Background 0.07
Radiative effects 0.08
Trigger efficiency 0.11
Simulation statistics 0.05
Total systematics 0.37
External error [BR(K3r)] 0.72

PDG 2012: (4.09 +0.10) x 10~°

K~ : first measurement

Published in

Physics Letters B 715 (2012) 105

BR(K;) = (4.261 £0.011) x 105
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ChPT Radiative

K.4(+—) absolute Form Factors (NA48/2)

Overall form factor normalization: BR[K%(4—)]

fo = 5705 * 00034 £ 00170 £ 0.031,0m
— 5705 + 0.035.0m
7= 0867 * 0.0404m £ 0.0294 £ 0.005,0m
f7 = 0416 £ 0.0404, + 00344y *+ 0.003,0m
o= 0388 4+ 00344y £ 004044 =+ 0.0020m
fo = 0274 £+ 001740 £ 00234 =+ 0.00200m
gy = 4952 + 0.0574m + 0.057y = 0.03Luomm
g, = 0508 + 0.097gw £ 0.074ys = 0.003m0mm
hy = -2271 + 00864, £ 00464, =+ 0.014.0,

Published in Physics Letters B 715 (2012) 105
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ChPT Radiative

K.4(00) branching fraction (NA48/2)

@ Use KT — 7% 7970 decays as normalization

@ number of signal (4.49 x 10%), background
(1.3% of Ke4) and normalization (71 x 109)
events

@ signal and normalization acceptance (1.77%
and 4.11%) and trigger efficiency (92-98%)

@ BR(K* — n7070) = (1.761 4 0.022)%
BR(KZ) x10°

2003 —r 2004
2.7

2,65 : i i i
2.6 +

st B B

1 2 3 4 5 6 7 g Somee

2.75

245

Relative Systematic Uncertainty (%)
Background 0.35
Simulation statistics 0.12
Form factor dependence 0.20
Radiative effects 0.23
Trigger efficiency 0.80
Particle ID 0.10
Beam geometry 0.10
Total systematics 0.94
External error [BR(K3,)] 1.25

PDG 2012: (2.2 +0.4) x 1075

Preliminary result
Analysis in progress

BR[KZ,(00)] = (2.595 %+ 0.0125¢a¢ 4 0.0245ys¢ + 0.032¢5¢) X 1075
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ChPT Radiative

K.4(+—) decay and 7 scattering lengths (NA48/2)

The S-wave 77 scattering lengths ag and a2 (I = 0 and | = 2) are precisely predicted
by ChPT [NPB 603 (2001) 125, PRL 86 (2001) 5008]
Two statistically independent measurements by NA48/2:

@ from the phase shift §(Mrr) = 6s — dp in Keq decay [Eur.Phys.J. C70 (2010) 635]

@ from the cusp in M, 0,0 in K= — 7E7070 decay [Eur.Phys.J. C64 (2000) 589]
. . 0.01

@ Different systematics: a; ] NA4g2 combined Ke4 + Cusp DIRAC

eletron misID and 0 (stat. +syst)errors // c

. usp

background vs. calorimeter 1 68% CL contour

and trigger 0019 s chPT /
@ Different theoretical inputs:

Roy equations and isospin 0.02 7

breaking correction vs. 1

rescattering in final state 0.0 7

and ChPT expansion 1

004

@ Large overlap in the ag, a2 ]

plane -0.05
@ Impressive agreement with ]

r 1 Ked
ChPT 0069 =~
02 021 022 023 024 025 026
[ ap, a values in units of 1/m(7'r+) 1 [o)S
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ChPT RECIEIV

K* — n5n0y

@ ~ from Inner Bremsstrahlung and Direct Emission

@ decay amplitude:

s, 7 ‘
T* = 7 kinetic energy " w T
W2 = (erpy)(prcpy) +

m2, m2 1B T’ DE 7'
: ; *. drt _
integrating T7: 4= =

=) XeW?2+mim (| Xe?+|Xu >)W?)

o IBis known from K* — 7#7% + QED corrections
o DE amplitude contains electric XE and magnetic XM dipole

@ final

terms
INT is interference between IB and electric DE (XE)
amplitudes

NA48/2 results: [ EPJC68 (2010) 75 |

o Frac(DE) = (3.32 + 0.15 + 0.14)10~2
o Frac(INT) = (—2.35 4 0.35 & 0.39)10~2 (first evidence)

Acp =

11:++1“ ’ < 1.5 x 1073 (first measurement)
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ChPT RECIEIV

K= — n*n%*e~ (NA48/2 preliminary)

Mainly from K+ — 7¥70y* — nfr0ete [ EPJC 72, (2012) 1872 ]
DE and INT depend on XE and XM form factors

(]

@ First observation

NA48/2 (2003+2004 data):

400

350

@ ~ 4500 events in signal

Kt — mindete region
signal

300

Events / 0.5MeV/c?

250
o K+ — 7Ti7T07T0D
200

150
o K* — n*nl)
+

(mp — ete vrosT)
100 J Kt — m*nf,
(1 al:udentalv] (ﬂ-D — e ) + Yacc

, , ,
044 046 048 0.5 0562 064 0.66 058 0.6
m(n*nlete’), GeV/c?

[-1-]
:F_HII‘I\II‘\

Antonino Sergi Recent results from Kaon Physics 25/38



RECIEIV

2
@ BR(z), z = Zy, depends on a single unknown O(1) parameter &
K
@ BNL E787: 31 candidates, BR = (1.10 £0.32) x 10~ [PRL79 (1997)
4079)
35107 ; ; 352107
g>0 E ChPT O(p%) Py F,o F ChPT O(p®)
5 0.3 503 c=2
5 f \ 5 f
0.25} 0.25]
022_ ..... fp i 0_25 ?‘—Q
| =\ | PN
0.15F } \ 0.15F /
01 01 o
- EN L e
0.05 0.05
%01 02 03 04 05 o1 02 03 04 05
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ChPT RECIEIV

K* — ntqyy

2
@ BR(z), z = %’zl depends on a single unknown O(1) parameter &
K

@ BNL E787: 31 candidates, BR = (1.10 £0.32) x 10~ [PRL79 (1997)
4079]
NA48/2 2004 NA62 2007

Zin -+ Data

O K >ntnn®
K" >ntn’(y)
K >ntyy

- Data 30

Ok orntn® |
[ K*>nr’(y)
K >ntyy

8.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

8.1 015 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 3
z=(m,,/my)

z=(m,,/my)?

@ ~ 300 event candidates with O(10%) background (z > 0.2)

Antonino Sergi Recent results from Kaon Physics 26 /38



ChPT RECIEIV

K* — ntyy

2
@ BR(z), z = Zy, depends on a single unknown O(1) parameter &
K

@ BNL E787: 31 candidates, BR = (1.10 £0.32) x 10~ [PRL79 (1997)
4079]

x10° BR(Kt—mtyy) vs &

-21
=18 v %0.35?10 : | dr/dz vs z
46k 6 [ ‘O(p6): &=
.‘?1..,: // §03 ;O(p ): €=2.00
Zq4F . =
& T // B)25 N\
m1‘2' foeene . /. ot \
s é = 156:0.23 02f \
K ChPT O(p?) i ei= 2.00:0.2 s \\\\
0.8 > 0.15
0.6 [ O(p*): ¢=1.56 ? \
“F 0.1F
0.4~ 7 [ /
£ (ChPTO(p’) 0.05f
0.2" : _ : 7 \
: (+1ointervals indicated) e U P S B
- B R T 0l 0z 03 04 05
[+

(]

ChPT O(p4) fit: &= 1.56 % 0.22540¢ & 0.07syst = 1.56 + 0.23
ChPT O(p6) fit: &= 2.00 4 0.24510: & 0.09ys: = 2.00 4 0.26
BR = (1.01 £ 0.06) x 107° (model dependent)
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ChPT RECIEIV

K — ev,y SD+

a2r myaGZ | Vus|?
0 iR = Kb [(FV + Fa)?fspt(zy) + (Fy — FA)2fSD7(zsy)]

* . )
2E5 2E; B sD 7,

@ fspy. fsp— known kinematics, z = e YT e "t je‘ 't e
K+ K+ :

2 1¢ .
S ‘Photon energy: IB and DE|
N > [
.21~ E10E
r -
L < F
L 102 —
i SD
0.1 10° (=structure dependent)
- SD’
0.05- ; 10+
2 s
Positron vs photon energy D (SOt €O ar pnoto
10°
0 005 01 015 02 _ 025
01 015 02 . £ 6%
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ChPT RECIEIV

K — ev,y SD+

@ ¢’Tsp _ m3aG% | Vus|?

[(Fv + Fa)?fspy(e,9) + (Fv — Fa)*fsp_(2,v)]

dzdy Gan2
2E* DY ok
(] fsp+, fsp— known kinematics, z = T; y = m}s

@ KLOE 2009: 4% accuracy, compatible with O(p*) Form Factor (constant) [Eur. Phys. J. C64 (2009) 627]

Events 2 4
. . — xPT O(ep)
200l Signal Region 0.5F s LFQM +
) 7 0af
S
100 03¢ ¥
=
& 02F (]
<
Il L Ve
0 PR e e AP P
-5 -2.5 0 25 AE/c 5
Events [}
600| Background e
Region o 04F
=
_ 0.3F +
g o02f
<
0.1F
_Le . By (MeV)
25 AEjs 5 % 100 200 300
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ChPT RECIEIV

K — ev,y SD+

d?r mi aG% | Vus|?
@ LTsD = MKEE sl Ry + Fa)2fepy (@,y) + (Fy — FA)’fsp—(2,9)]

* *
2E5 2E} B 4 sD

@ fspy. fsp— known kinematics, z = T Y= t re e
K+ : K+ Z:

Fit data with ChPT at O(p°)

b - F
§ 10° * DATA Signal region 220001 o paTA
a [ ]K* > e'vy (sD) 1800 |[_|K' - e"vy (sD")
b an > E
S, W ° e‘v:" 2 1600 |l x e
SF Mo 1=
£ @ K - e'v (+1B) 14001
:’: ! 1200
Ly=2EMm, > 0.95
10007 "5
[ yldof=5.5/6
800
600
400(~
200F
2 Frvlenn, e e
-0.05 -0.04 -0.03 -0.02 -0.01 0 GO 0.1 02 03 04 05 06 07 08 09 1
M2, (e7) , (GeVic?? x= 267 1M

@ NA62 preliminary
@ =~ 10000 event candidates
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Leptons

Ry - LFV test

Ry — L(E—eve) 3&. = .
° Bk = TR=) AR S
o BR(K — ey) ~ 0(1075) s et ut
BR(K — pv) = 63% p w*
@ In the SM: . N
me 2 m2 —m?2 2 AN
fae = ( ) (msznﬁ) (14 6Rgep ) = (2.4774+0.001)1075°
mM K m

Rad Corr
helicity
[PRL 99 (2007), 231801]
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Leptons

Ry - LFV test

s, s,
0o-—@——>ro
o Ry — LK—erve) v, pd o
K D(K—pwy)

o BR(K — ev) ~ O(1079)
BR(K — pv) =~ 63%

@ In the SM:
Ry = (2.477 +0.001)10~°

@ Hadronic uncertainties cancel in the ratio
@ Helicity suppression &~ 10~ °
@ Radiative correction (few %) due to
K — evev(IB), by definition included into R g
[PRL 99 (2007), 231801]
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Leptons

Ry - LFV test

PDG'08 #——— March'09 average
Clark (1972)
o Ri — T'(K—eve) Heard (1975)
K = T(K—uv,) )
_5 Heintze (1976)
° BR(K - BV) ~ 0(10 ) | NA8 (2005)
—0 preliminary, 2003 data
BR(K — ,UV) ~ 63% NAB (2007)
preliminary, 2004 data
® In the SM: KOE G
Ry = (2477 + 0.001)10_5 1 KLOE (2009)
@ Hadronic uncertainties cancel in the ratio sMm
@ Helicity suppression &~ 10~ ° R Y B Y T L AT R
@ Radiative correction (few %) due to ’ ’ ’ ’ ’ T Rex10°

K — evev(IB), by definition included into R g
[PRL 99 (2007), 231801]

@ Experimentally:
o Ry = (2.4540.11)10~° (PDG 2008, '70s measurements)
5RK/RK ~ 4.5%
o Ry = (2.493 £0.031)107° (KLOE [Eur.Phys.J.C64 (2009) 627])
dRk/Rk ~ 1.3%
e It's worth to improve it because of its small and well predicted
value
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Leptons LFV

Ry in case of New Physics (MSSM)

o Expected effects within 6 Ry /Ry ~ 107* — 1072
@ A specific case:
4 2
RMSSM _ psM {1 () () A tan® 5]

with my = 500GeV/c?,|A13] =5 x 107 e tan 8 = 40
R]\K/[SSM = Rf(M(l + 0.013) [PRD 74 (2006) 011701, JHEP 0811 (2008) 042]

tanf

W os=0"
W y,-510"

Ay =107

, RK:(245|770032)1|05 )

200 400 600 800 1000
M, (GeV)

5RK/RK ~ 1.3%
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Leptons

LFV

Ry in case of New Physics (MSSM)

o Expected effects within 6 Ry /Ry ~ 107* —

@ A specific case:
4 2

R%%MR?4P+CK)(ZQ mwﬁmm4

with my = 500GeV/c?,|A13] =5 x 107 e tan 8 = 40
RJ\K/ISSM — Rf(M

tanf

W os=0"
W y,-510"

Ay =107

, RK:(245|770032)1|05 )

200 400 600 800 1000
M, (GeV)

5RK/RK ~ 1.3%

Antonino Sergi

K. 100
=

s
-

102

(1 4+ 0.013) [PRD 74 (2006) 011701, JHEP 0811 (2008) 042]

90

80

70

60

50

40

30
-3

2 13 < 107
10 LT TN
100 200 300 400 500 600 700 800 900 1000

M,, (GeV)
0RK /Ry ~ 0.3%
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Leptons

Ry in case of New Physics (MSSM)

o Expected effects within dRx /R
@ A specific case

107% — 102

4
RMSSI\/I RSJ\/I |:1+ (mK) (mT) |A13|2tan ﬁ:|
with mpy = 500GeV/c?,|A13] =5 x 1074 e tan 3 = 40
K ¢

RMSSM RSM(l + 0.013) [PRD 74 (2006) 011701, JHEP 0811 (2008) 042]
100

tanf}

=
2100,
S0

S0

Excl. at 2 Excl. at 23
Excl. at 3o L Excl. at 3¢
y i L " L N L
0 500 1000 % 500
my (GeV)
Exclusive |V, |

L
1000

my (GeV)
From B physics for comparison

Inclusive |V, |
Antonino Sergi
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Leptons LFV

Ry in case of New Physics (MSSM)

o Expected effects within 6 Ry /Ry ~ 107* — 1072

@ A specific case:
4 2
RMSSM _ RSM {1 + (%’;) (%) |A13[? tan® B]

with my = 500GeV/c?,|A13] =5 x 107 e tan 8 = 40
R]\K/[SSM = R%M(l + 0.013) [PRD 74 (2006) 011701, JHEP 0811 (2008) 042]

s Ay
+ Z ot
+ H . l
K (Higgs) _(\ (Stepton)
u 3 -

7 and B have the same effect, but:
@ in R, it's suppressed by (m,r/mK)4 ~ 1073

MVM

@ B — ev, is out of reach and has ~ 50% enhancement
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Leptons LFV

Final result (full data sample)

Uncertainties

Source SRi x 10°
Statistical 0.007 % NEN 262 {Rkvs lepton momentum Ry vs data sample
K — pvy 0.004 X258
K — evey (SDT) 0.002 2 Ll
K — n%ve, K — nn° 0.003 E“"I { f : f
Beam halo 0.002 Em’ i
Matter composition 0.003 FR 1 I 1 1
Acceptance 0.002 = f L s
Positron 1D 0.001 3 l T ¢
DCH alignmnent 0.001 24
1-track trigger 0001 “T ) Imeg‘rated over data sam(ales Integrated over lepton momentum
TOta I 0 - 0 1 0 “ 2 u L‘e?)ton mofv?emum, goewc Data sample
Precision and accuracy Fit over 40 measurements
145,958 Ko candidates 4 data samples 10 momentum bins)
Positron ID efficiency: (99.28 £ 0.05)% including correlations:
B/(S + B) = (10.95 4+ 0.27)% x2/ndf = 47/39
Result
R = (2.488 £ 0.0075¢at + 0.007gy5) x 107° }

Antonino Sergi Recent results from Kaon Physics 30/38



Leptons

World Average

PDG 2008 July 2011 average 2HDM-:I5I
_ Clark et al. (1972) Ry=2.488(9)x10
_ Heard et al. (1975) o
® 2
]
_ Heintze et al. (1976) 5
)
KLOE (2009) K]
—e— = PDG 2010 §
NAG62 (2011) Ry: 95% CL exclusion
i full data set B A=1x10 :
bssy ] A,,=5x1o:
e 1 I T excluded B 4= 1x10°
23 24 25 26 27 28 . 01 02 03 04 05 0.6 0.7 08 09 1
R, <10 H* mass, TeV/c?
World average Ry x 10° Precision
PDG 2010 (2.493 £+ 0.025) 1.0%
July 2011 (2.488 £+ 0.009) 0.36%
w
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FCNC Golden

K* — 7%t~ (NA48/2)

@ FCNC process suppressed (BR ~ 10~7) .
o Loop induced (K* — n¥~*) £ Ydew
@ Connected to the neutral channel ( ngis Ioops ) e
K+ — r¥ete™ [PLB 677, (2009) 246] — E /L 0~ [PLB 697, (2011) 107]
£700f | %500 1
I%sooé ‘m : |'I>J¢wo \ M
E |1r 350f ‘.ll L
a00; A o 220 '
. - Lol
200% jr i l 150 |
100; ; L I 5: th 1 Koo ﬂ?‘_ i
G.45 0.46 0.47 0.48 0.49 0.'\5n(7:$0e.§;_)’0(.3)e2v/2.253 0.47 0.48 0.49 olills(nlu‘;,?'.f}ieV/gksz
@ ~ 7200 event candidates @ = 3100 event candidates
@ < 1% background @ (3.3£0.7)% background
@ BR=(3.11+0.12) x 1077 @ BR=(9.62+0.25) x 1078
@ Acp <21 x1072 @ Acp <29x1072
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Golden

u u u u u
Ultra rare decay : _YW7_ FE 7;:;4 3 s g
uct + + wh W
@ FCNC process forbidden at tree-level 20711<; W z°1LLW<V AN

@ Very clean theoretical prediction:
hadronic matrix element extracted from BR(K — wev)
@ Golden modes:
BRsy from CKM  from theory
Kp —7m'vp (243 +0.39 +0.06) 1074
Kt —7tvp (781 +0.75 +0.29) 10~
5 T

@ Current existing measurement
based on 7 events (E787/949):
(1.737765)107 "

@ Lead to measurement of
Vth ~ 7%

@ New Physics scenario —

E949 10

IS

w

N

10%° x BR(K, — m0vi)

10%° x BR(K* — 7twi)
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FCNC Golden

K — mwuv foreseen experiments

Expt Primary beam Intensity SM Start date Total
(ppp) evts/yr + runyrs SM evts

NA62 SPS 450 GeV 3+10" 55 201442 110
FNAL K* Project X 8 GeV 2+ 104 250 201845 1250
ORKA Tevatron up <150 GeV 5+ 10*3 120 201845 600
E14(KoTO) JPARC-I 30 GeV 2+ 104 1-2 2013+3 3-7
El4 JPARC-11 30 GeV 3+10% 30 2020437 100
FNAL KL Booster 8 GeV 2410 30 201642 60

FNAL KL Project X 8 GeV 2+ 104 300 2018+5 1500
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FCNC Golden

K — mwuv foreseen experiments

E 102 V’i_ittenberg
f 10‘3 ................................................... ........................................ .......................................
D 44 VY ETSY(eer)
210 v E799(eey)
> -5 X . H
- 10
SIT: ] E— V:<TeV(W) .............................................................
S ; T KTeV(eer) y 3914 flrst(yy)
3 107 :

108

109

10-10 .......... B /\/ )44 By ( KT

101 SM predlctlon

1990 ~ 2020
Published year
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FCNC Golden

K — mwuv foreseen experiments

Expt Primary beam Intensity SM Start date Total
(ppp) evts/yr + runyrs SM evts

NA62 SPS 450 GeV 3+10" 55 201442 110
FNAL K* Project X 8 GeV 2+ 104 250 201845 1250
ORKA Tevatron up <150 GeV 5+ 10*3 120 201845 600
E14(KoTO) JPARC-I 30 GeV 24 10" 1-2 2013+3 3-7

El4 JPARC-11 30 GeV 3+10% 30 2020437 100
FNAL KL Booster 8 GeV 2410 30 201642 60

FNAL KL Project X 8 GeV 2+ 104 300 2018+5 1500

FB NCC MB BCV CV CsI CCO3 CC04 CCO5 CCO06 BHCV BHPV
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FCNC Golden

K — mwuv foreseen experiments

Expt Primary beam Intensity SM Start date Total
(ppp) evts/yr + runyrs SM evts

NA62 SPS 450 GeV 3+10" 55 201442 110
FNAL K* Project X 8 GeV 2+ 104 250 201845 1250
ORKA Tevatron up <150 GeV 5+ 10*3 120 201845 600
E14(KoTO) JPARC-I 30 GeV 24 10" 1-2 2013+3 3-7

El4 JPARC-11 30 GeV 3+10% 30 2020437 100
FNAL KL Booster 8 GeV 2410 30 201642 60

FNAL KL Project X 8 GeV 2+ 104 300 2018+5 1500
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FCNC Golden

K — mwuv foreseen experiments

+ +. :
K™ — 77vv History ¢ 3
- | | S ]
imfs v Klems/LBL v 90% CL Upper Limits E
N ¥ Cable/LBL |
o v Asano/KEK E787 = E949 i E
° 20 F 9
% BNLE787 ¥ upgrades .
< 15 F E
Lo AN
o experiments e 5 elo 7‘0 slo 9‘0 150 1;0 1‘20 1:‘50 1110 15(
® used E787 v Energy (MeV)
0° . stopped !
- kaons. 787 £9:9° |[E787/E949 Final: 7 events observed
1070 L Standard Model "d"{ 1 | BKT > avin) = 1.73:;3):)(10_10
€949 Standard Model:
" B(K™ = 7'vir)=(0.85%£0.07)x107"°

Il 1
1970 1975 1980 1985 1990 1995 2000 2005 2010
Year of Publication
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FCNC Golden

K — mwuv foreseen experiments

Expt Primary beam Intensity SM Start date Total
(ppp) evts/yr + runyrs SM evts

NA62 SPS 450 GeV 3+10" 55 201442 110
FNAL K* Project X 8 GeV 2+ 104 250 201845 1250
ORKA Tevatron up <150 GeV 5+ 10'® 120 201845 600
E14(KoTO) JPARC-I 30 GeV 2+ 104 1-2 2013+3 3-7

E14 JPARC-11 30 GeV 3+10% 30 2020437 100
FNAL KL Booster 8 GeV 2410 30 201642 60

FNAL KL Project X 8 GeV 2+ 104 300 201845 1500

- P996 DETECTOR DARREL ) VETO

B4 COUNTERS I-COUNTER
END CAP y VETO

COLLAR COUNTER BEAM VETO

HOLE COUNTER ~=

BEAM »

BEAM CHAMBER 1 MICROCOLLAR
BEAM CHAMBER 2 COLLAR VETO
ACTIVE DEGRADER V-COUNTER
END CAP 5 VETO TARGET

™ DRIFT CHAMBER
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FCNC Golden

Measurement of BR(K" — nvw) at NA62

Measurement at 10% (= SM prediction accuracy), 100 SM events

Missing mass
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FCNC Golden

Measurement of BR(K" — nvw) at NA62

Measurement at 10% (= SM prediction accuracy), 100 SM events

Separated by kinematic cuts Missing mass
i)
E K —>minl 1{:
Region il
2
g eKn
8 +
< K ~,
A Ne
= 2 v
m?niss = (PK- ) v

-0.15 K X X 0.1 0.15

m2,,, GeVic*

w w

92% of K decays
@ 2 signal regions

@ Minimize multiple scattering
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FCNC Golden

Measurement of BR(K" — nvw) at NA62

Measurement at 10% (= SM prediction accuracy), 100 SM events

i ic cu i ic cu
Separated by kinematic cuts Not separated by kinematic cuts
2
g K:—>ntnl 2 -
g Regont i 3 el
3 K' ot .‘E - K'ptntmy
< g

<

.15 X x X 01 015 0BT o 005 0 e 015
m2,., GeVZic? m2,, GeVict
v w
92% of K decays 8% of K decays /?M
. . . K+
@ 2 signal regions @ Particle ID V’
inimi i i ios = (P P2 !
@ Minimize multiple scattering @ Photon vetoes e “ '

Antonino Sergi Recent results from Kaon Physics 35/38



FCNC Golden

NA62: beam and experiment layout

State of the art detectors for new precision frontier down to 102

@ SPS primary protons @ 400 GeV/c @ Unseparated secondary charged beam

@ 75GeV/c (AP/P ~ 1%) @ p/7/K (positron free, K ~ 6%, p ~ 23%)
@ Area © beam tracker 16 cm? @ Integrated average rate @ beam tracker 750 MHz
@ Kaon decays/year 4.8 x 1012
LAV:
Large Angle Photon Veto SAV

Small Angle g Veto
Vacuum Tank

CHOD
CHANT! Hiﬁiiiide
Charged P

Target Particle
iy ||u

Veto

I
S RN

7

GTK ey

Sl
1 | S

_ 1T gt
Beam Pipe Measure Kaon: RICH LKr MUV
«Time \ J
+Angles Y Straw
*Momentum Decay Region 65m Tracker

Technical run in 2012 and physics data taking in 2014-2016
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Exotic

K* — m&utu™ (NA48/2)

@ Lepton Number Violating (AL = 2) decays

@ Look for wrong-sign events in 7%~ data

K* — 7t~ FCNC candidates K* — 7% p*p® LNV candidates

105
K:-m E KCin
T L O Ll [ L S SR SRAVER B
04 042 044 046 048 05 052 054 04 042 044 046 048 05 052 0.254
M(x*p W), GeVic? M(mp), GeV/ic

BR(K* — aFp*p®) < 1.1 x 1072 (90% CL)
3 times better w.r.t. E865 [PRL 85, (2000) 2877]
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Exotic

Summary

@ Kaon physics continues to be a good tool for investigation in
the flavour sector, ranging from precision measurements as
input for effective theory to new observations connected to
possible new physics effects

@ Chiral Perturbation Theory and experimental determination of
form factors provide a constantly improving tool for future
precision measurements

@ All measurements are currently in agreement with the SM
@ A new generation of experiments is starting to explore ultra
rare decays, opening a new chapter of tests for the SM and
precision measurements previously not accessible:
o NA62 and KoTO are in construction and will start taking data
in the next two years
o these detectors will be able to improve current measurements
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