Mainz, 20th January 2016

— 7 T1'ee and related decays

Giancarlo D'Ambrosio
(INFN- Sezione Napoli)

NAG62 Kaon Physics Handbook



Outline

® Weak counterterm structures, Nis, VMD?
® K — 31, VMD?
®@ K" — a1’ , NA48/2 results

® K — n7le, NA48/2 results

@® Kgp—mee



Understanding the weak counterterms

@® The strong chiral lagrangian well
understood, properties of QCD

® status of weak chiral lagrangian



Vector Meson Dominance

in the strong sector

Ecker, Gasser, de Rafael, Pich

Li Li expts \"J A (Sc-;ll-lgf?nlcl) Q C-ll;orilalincl QCD inspired relations relations
L, | 04+03 | o6 0 0,6 0,9 =2Gy = V2f,
L 14+03 | 1,2 0 1,2 1,8 Fa=fr
L | -35+1.1 | -36 0 30 49 M4 = V2My
L4 -0.3+0.5 0 0 0 0
LS |.4 + 0.5 0 0 |,4 |,4 KSFR: GV - Jz Fﬂ
Lg 02 +03 0 0 0 0 determined by dominance
of pion, VA to recover
L7 -04+0.2 0 0 -0,3 -0,3 QCD short distance
Lg 09+0.3 0 0 0,9 0,9 constraints
Ly 69 +0.7 6,9 0 6,9 7,3
Lio -5.5+0.7 -10 4 -6,0 -5,5
LV Ly _ Ly _ GY LV — EvGy LV+A _ _Fy | Fj
2 6 8M‘2,’ 9 2M‘2, ’ 4M‘2, ' 4Mf‘

QCD inspired relations relations

(LY =Lyj2=—L¥/6=LY/8 =

~LY;4/6 = f2/(16M2))




Weak interaction

The symmetry of the short _Gr ViaVei,C— (5 ur) (@ yedr)
distance hamiltonian V2

described in CHPT

Las—1 = Lis—y + LAy + - =GsF* (\D,UDFU) + GgF?> N,W; +---

K—2n /3w ~ ~

-~

Kt orntyy, K—onltl-

VMD not as successful, in particular for
K-3pi, where in principle large VMD important



Not only a bookkeeping but predictive already

w a0y (S) | 7(Nfy ~ Nig) +5(Nig + Nay)
mtn=y* (L) Niy — Ni5 — 3(\16 - \17’)
Tyt (S) Niy — Ni5 — 3( Ni7)
- N7, + 2N} — (\’1' 6 — Ni7)
TFry (L) | 7 7% (5) Nag + Nay
W+W+T‘7 ’
mHTon mt? ~r 3 N9 — N3o
mto— g0 (S) 51'\"729 — 1‘\'7’30 -+ 21'\'r31
7‘.+7‘-—7r07 (L) 6 Nog + 3Nog — 5 N3

Iy 27 3 N;
el il Ny —Nis KT —rtits
Ty () 7r"~r“ “ (L) 2N7, + Niy  Kg— 7°U"1"
Ty Ty Nig — Nis — 2Ngs
7y (5)
Ty mtatny Niy — Nis — Nig — Nyz
Ty (S) nta0nly
nta—n0y (L) ’



Vectors and axials

Counterterm combination Processes VMD weak coupling
- Ni KT =7
Kt — 7t7%* | —0.020ny + 0.004 14
2N7, + N/ Kg — 7" 0.08 ny
N4 — Ni5 — 2N3g K™ — mryy
Kt — atal~y~ —0.01 n4
N14 — N15 — N1g — N7 KT — mimy
Kg — mtn ™~ — 0.010n4

N{,— N{; —3(N{s — N17) | K — 77 v | —0.004ny + 0.018 14

Ni, — N{. — 3(N{g + Ni7) Kg — wtmn—~* 0.05ny — 0.04n4

N7, +2N{. —3(Nj; — Ni7) | KT — wtn’~* 0.127ny + 0.01ma
Nog + N3y K; — mm 0.005 1y + 0.003 14
3Na29 — N3g KT — 7w’y | —0.0057y — 0.003 14

Observation hidden by other effects: different analysis maybe useful (Kaon charge radius)
NA48 has a good chance



K->2 pi/3pi it

1 2
MK = whan®) = a1 = frut (G +&)u’ + 5 (G — &) ar =l — —27fi8f mi {(k1 — ko) + 2401} |
00,0y __ _ 2 2
M(Kp = mmm) = =301 — (1 (3u” +v7) 1 By =B — 9}% m2m?% {(ks — 2k1) — 24L5}

M(K' = 7nr7t77) = 200 + Bru+ (20 — &)u? 4+ (2G4 &)v? g8 47T

- 13 C1:—6f 7 m_ {ky —24L1}
M(KT = 7¥m%7%) = —a1 + fru — (G +&)u? = S (G — &), é; .

o 3 fl:_6f f mﬂ_ {k3—24£2} 3

KJr

Table |

The values of the amplitudes in eqs. (4) and (5) obtained from fits to experiment are shown in the first two columns. Our value of §,-
do 1s obtained from K - 2n decays alone, while some additional constraints were used in ref. [8]. The K- 3x amplitudes «,, ..., & are in
units of 10~*, The results of lowest and next-to-lowest order chiral perturbation theory are displayed in the two columns to the right.

Devlin and Dickey Qur fit Lowest order Order p*
a, ;2 [keV) 0.4687 £ 0.0006 0.469910.0012 0.4698 0.4698
ay;; [keV) 0.0210£0.0001 0.0211+0.0001 0.0211 0.0211
d,-0, (deg) —456+5 —-61.5+4 0 -29
a, 91.46+0.24 91.71+0.32 74.0 91.8
ay —7.14+0.36 —-7.36+0.47 ~4.1 - 7.6
B, -25.83+041 —~25.68+0.27 —~16.5 ~25.6
B —2.48+0.48 —-2.4310.41 -1.0 -2.5
V3 2.51+0.36 2.26+0.23 1.8 2.5
¢y -0.3710.11 -0.4720.15 - -0.6
s - ~0.21+0.08 - -0.02
&, ~1.25+0.12 ~1.51+0.30 - ~1.5
& - -0.12+£0.17 - -0.05
&4 - -0.21+0.51 - ~0.08

x?/DOF 12.8/3 10.3/2 4121/5 37/13




Vector meson dominance in K — 3«

1
MK = ntnn’) =y = Sru+ (G + &1)u? + 5((1 — &0
M(Kp — 7TO7TO7TO) = —3aq — C1(3u2 + UZ) :

M(KT = 7tnt17) = 200 + Bru+ (26 — &)u® + %(2{1 + &)v?

M(KT = 7t797%) = —ay + Bru— (¢ + &)u’ — %(Cl — &),

o]

Angular momentum decomposition
51 should be dominated by
a p exchange

It has VMD

0 PAIE
= Oég ) _ mm%{ {(kl — kg) + 24[:1} ,

51 = £0) - imim%{ (kg - 2]€1) — 24,62} ,

gs 4
= — m_ {ks —24Ls}
€1 6fo7T W{ ? 2}

Isidori, Pugliese
Ecker Kambor Wyler



We measure the slope, lets check theory predictions

In factorization
ks/24 = 3(N1 4+ No — N3)/24 = Ls + 3/4L4

in units 103

Luigi Cappiello, Oscar Cata and G.D.

fdepartures from KSFR}

- e ATl Tl & Bl s Bk Ba B  BLEDS ar e - 2Tk Tl & AR B i BaL DA T SiSMMA T T



K(pk) — m(p1)m(p2)7(q)

e Lorentz + gauge invariance = Electric (E) and Magnetic(M ) amplitude

AK — wmry) = FP [BO,K 8,7 + Me ,,,,,0° K9]

LV po

e Unpolarizated photons
d°T
dzleQ

~|El* + M|

|E®| = |Ers|” + 2Re(E[ED) + |Ep|”

\J

Low Theorem = FEp ~ + C Ep, M chiral tests

1
l;*

v



We need FIGHT DE/IB~ 107

IB DEecyp
Kg — ntm 1072 <9.107° E1
10~ (0.599 £ 0.037)107°
+ +_0
K™ = n7ny (AI:%) NA48/2 M1,E1
_ 10~° (2.92 4 0.07)107° M1,
+ :
Kp =7y (CPV) KTeVnew VMD

o=+ -

CPV is only from IB K, (also measured in K — w77 e"e)

BUT IB suppressed in K and K.



K; — 7r+7r_fy

1/Toe(dr/dE, Yoe

M1 transtions clearly measured KTeV (00) with large slope

form factor measured

_ | a
f o | mi | 2mK E:;
m% | m?o
KTeV:

o a——1.243 1+ 0.057

linear slope

43.2/27

x>/ DOF

= Large VMD: p—pole

quadratic slope

37.6/26

Ef;, photon energy

}'
38.8/27

N
N

[N
(@]

E,'(GeV)

a determined by anomalous N1’s



Weak magnetic p*CTS%

Table 5

Vector and axial-vectors contribution to the N; coefficients of the W; octet operators, in the basis of Ref.
non-leptonic kaon decays at O(Gpg). The hypothesis of factorization is only used to relate wf with w§

[17] relevant to radiative anomalous

Vectors

Ni -

Axial-vectors

Expressions using
— 2 2\ f
wf = \/2(mR/mR)jR1)R. w

R = — R

Vectors Axial-vectors
F2
28 1€ pwper (AU ) (W¥ uPu”) - 9vw§ - V2 fvlyny -
o
r ’ FZ hv Fz h 1 & |
29 Euvor'ld | 77 — 7 ubw T X oY - il A —_ fvhvnv ———
MV 0T [f~. f_ ]) R—T [ H‘- 1 \/ifl ‘n\r \/ifl‘ A")A
30 e#*'P"'(‘J““)(./fr“y) _2"‘}‘/1&’0)5 - 2\/§fvhv7)v
,,til -
31 Epvpor (AUFY( P07 - 25 hpw? - 22 fahana

*All these terms can be
WZW term

*Also VMD contributions

Cheng; Bijnens, Ecker, Pich

generated from

()_ and

GD Portoles; GD Gao



KT — 7ty

AK = nmy) = F*" [E9,K8,m + Me,,,00" K9]

E'1 and M1 are measured with Dalitz plot

T _ _9Tip |y, Matop, (EL) 2
oT*owW?* 9T oW’ L mic2He (e )“
mes (1EL o | ML we
+5 (B4 + | AL ) w
77?,K i

W? = (q - pr)(q - P+)/(m72rm%()

A=AKT - 7r+7r0)




Departure from IB

2 2 2
W= =(q-px)(q-ps)/(mzmi) o 35
=
1 S
’,o—"'--~s\ é 3+
0.8 ” N 2
Ve AN i
0.6 / \\ s
2 . o
W ( \ X
\ 1 o 2f
4t N i
TS \ ,
e \ i A
e \ 1.5
0.2 - EE
| --~~~ ‘ 1 I S
20 40 60 80 100 i
T 0.5 -
““““““““““““““““““““

— 1 2R W
o o2~ arrow? |1 g 2R (’ ‘ ’ ’

IB from Low theorem



Eventsf.05

NA48/2 , 600 K candidates

a SEE - «.01 o~ [
o = e uz ' 8 2} X/ndl 66.3 7 67
e MC(DE) z I I
s(MOTINTY) o I b a =0.21 +0.04
= 0015 zﬂ 22 L b 1.41 +0.07
10 3 - 1.00440.004
002 F = 2r
10 [ 18 L
0,025 — 2 W
10? 16 F f=c(1+aW"+bW")
£003 F 14 F
10 [ L
02 03 04 05 06 07 O 09 0035 + 12
w [
[ B
‘a) _0_04..l...l...l...l...l...l...l... : }b
0026 0028 003 0032 0034 0036 0038 004 ....|l ..........................................
FRAC 0 01 02 03 04 05 06 07 08 09 1
DE

W

N A48 T* € [0,80] MeV Frac(DE) ratio

Frac(DE) = (3.32£0.15 £ 0.14) x10~= to IB
Frac(INT) = (—2.3540.35 4+ 0.39) x 10~

Frac(INT) ratio
to IB
first experiment IB from theory



Dalitz plot

O°T 0°Trp m2 E1l m?
= 1 + —T-2Re(— )W? + — -
OT*oW?2  9T*OW?2 i mg e(eA)W i m4.

E1 , M1, 4
(’eA' +’6A’)W]
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16 Nov 1994

arXiv:hep-ph/9411311 vl

Kinematics

SEMILEPTONIC KAON DECAYS

J. Bijnens ', G. Colangelo **, G. Ecker * and J. Gasser *

) Nordita, Blegdamsvej 17, DK 2000 Copenhagen

4 Inst, Theor. Physik, Univ. Bern, Sidlerstrasse 5, CH-3012 Bern

% Dipartimento di Fisica, Universitd di Roma II - "Tor Vergata”
Via della Ricerca Scientifica 1, 1-00173 Roma

1 ™ s ad B ™! -1 TT T ™ 1. - A 4 M T



Kl4 and Wi Strong phases (5}(5) Cabibbo Maksymowicz

Gp _
E Vus &Y*(1 —7°)v H,(p1,p2,4)

0
H* = Fipt + Foph + F3 ¢ *Pp1paaqs.  Fi(s) = fi(s)e™0l)

e crucial to measure sin 6 = interf Fj3

e L ook angular plane asymmetry




[(L — 7T+7T_’}"'* — '/T+’/T_€’.+€ Sehgal et al; Savage,Wise et al

7 (p1)
e Mip=5ev"(1 -~ e H,
K*(P) ™ (p2)
o HH = Fipi+ Foph + F5 e**Pp1,ponqs
‘(q) et (ky)
I —(k ) @ F1,2 ~ E F3 ~J A_[

e Interference ' M novel compared to K, — w7~

e £ M known from K — w7~ (IB and DE)



’

Kp —ntn~y* > antn"eTe

d°T
dE*dT}¥dg*d cos 0,dg
+ A4 sin 260, cos ¢ + As sin 6y cos & + Ag cos by
+A- sin 0, sin ¢ + Ag sin 20, sin ¢ + Ag sin? 6, sin 2¢

= Ay + Ay sin® 6, + A3 sin® 0, cos? ¢

o A 4 IB, Aso, CPV B-M interf.

o A; ¢ 7 interf. axial leptonic current ,

Ap SD




Marco Sozzi’'s question

)

[(_’_ — 7T+7TO’“)"'* —> ’/T+7TO€+€ Cappiello, Cata,G.D. and Gao,

R(Eg M*)
BB+ M7

the asymm. not as lucky Egp >> M:

B(Kt)ip~33x107% ~ 50 B(K+)y

Short distance info without having simultaneously K+ and K, asymm.
in phase space, ( P-violation) interesting! No e-contamination

interesting Dalitz plots (at fixed ¢*) to disentangle M from Eg

at ¢ = 50MeV IB only 10 times larger than DE



ge (MeV) B[107®] B/M B/E B/BE B/BM

2my 418.27 71 4405 128 208
55 5.62 12 118 38 4
100 0.67 8 30 71 36
180 0.003 12 5 -19 44

0.10 0.10

0.08 | 0.08

*QJ 0.06 0.06

o X

002 0.02

0.0
(1% 008 10 0r2 014 016 (01X a0 (10 or2 014 0.16

E‘y‘ Ey‘

0.0

1B DE



—

K* >m*m’e’e”  Data samples and background estimates
- Moriond2015
Milena Misheva NA48/2

I e 3
> —7n*n%e’e > ~ -K—mn%e(lB]
Q
§3°°-K—”””‘o < -K—mnn
3 Bl K —x'nd % Bl K'-rnd
§ 250 F'}"Sf £ 107,
TR >
: Obs @
N ef",
200— o
150—

10

[

0.42 0.44 0.46 0.48 0. 5 0.52 0.54 '
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

M..oee (GeV/C?) M... (GeVic?)
QO 1916 -total number of K* —-m'ne’e” candidates O Background suppression
Q Total background (~3%) Q K —>mn’eey  (MZ,>0.120 (GeV/c? ) )
K* —»mn’n’,. ey (30 + 5.5)events Q K —meev(v) (IMey-MyPDG|>7 MeV)

3 1860 genuine K* —m'n’e’e’ events
K* -, ew(¥) (26 £ 5.1)events J



Preliminary result of BR(K* —»m"n%e’e” ) Moriond 2015 I

NA48/2
* Preliminary H

B NA48/2 BR measurement

NA48/2 BR total error
[T NA48/2BR experimental error

w we=  (B+M+BE) Isospin Breaking
----- (B+M+BE) NO Isospin Breaking

llllllll

| - - LA 1.l l
44 45 46 47

NA48/2 Misheva

L. Cappiello, O. Cata, 6. D’Ambrosio, Dao Neng-Gao,

Eur. Phys. J. C 72:1872 (2012) :

Isospin breaking (private communication)

7 BR(K* >mimee” Yheory = 4.19 - 106

No isospin breaking (published)

7 BR(K* —m'oe e") Theory = 4.29 - 10-6

No radiative corrections in the theoretical
predictions!

Rad. corr. is taken into account in the
experimental result via Photos

BR(mr%"e )x1 0° implementation in the MC simulaton.
NA48/2 ) o
2003 data BR (K* —m'ne e’ ) org = (4.06 + 0.12exp + 0.13ext) x10-6

Rencontres de Moriond QCD & High Energy Interactions, March 2015

14



Cusp effect in K->3pi

® in 2002 Mannelli at CERN discusses
that their incredible energy resolution ; /
may lead to pionium discovery in

K+ ->pi+ pi0 pi0

® But the plot ( on the
right was not yet understood

1111111111111111111111



Kt — ntyy NA48/2 + NA62 ('14)

Auxiliary channel useful to assess the CP

conserving contribution to K; — Oee Jq/ P S i

Ecker, Pich, de Rafael

Final 381 evts NA48/2 + NA62 ‘

during a 3-day special NA48/2 run in ___ _93

2004 and a 3-month NA62 run in 2007
ozs |, Sombre,

B = (1.003 £ 0.051gpa¢ + 0.024gy5) - 1076 =
¢ =1.86 +0.26 o

0.1F

A

¢ Nis combination

0.05k

7\1}|J\\J‘l}\l‘ll}\l}l}llJlJl
8.2 025 03 035 04 045 05




quantity Ref. [18] Ref. [6] Our fit P K; =0
' | Ao| 0.4687 £ 0.0006 | 0.4699 £ 0.0012 | 0.4622 = 0.0014 input input
| As| 0.0210 4 0.0001 | 0.0211 £ 0.0001 | 0.0212 4+ 0.0001 input input
8o — o (—45.6 £+ 5)° (—61.5 + 4)° (—58.2 + 4)°
a 1.4 + 0.24 91.71 4 0.32 03.16 + 0.36 1.0(73.5) | 594
(Vg —7.14 4+ 0.36 —7.36 £ 0.47 —6.72 4+ 0.46 4.8(4.8) —6.5
3 —25.83+0.41 | —25.68+0.27 | —27.06 £ 0.43 7.7(16.2) | —21.9
(34 —2.48 + 0.48 —2.43 +£0.41 —2.22+ 047 1.2(1.1) —1.0
s 2.51 + 0.36 2.26 + 0.23 2.95 + .32 2.3(2.1) 2.5
(1 —0.37 £ 0.11 —0.47 £ 0.15 —0.40 4+ 0.19 — 0.26
(3 —0.21 £+ 0.08 —0.09 £ 0.10 —0.01
&1 —1.25 4+ 0.12 —1.51 £ 0.30 —1.83 + 0.30 —0.46
&3 —0.12 +0.17 —0.17 £+ 0.16 —0.01
&, —0.21 = 0.51 —0.56 £ 0.42 —0.06
"\?/DOF 12.8/3 10.3/2 5.4/5
Measurement BNL E787 [5] NA48/2 |7] NA48/2 [6] and
present analysis
Decay mode K., K3, ee Kz,
Ggm% x 106 2.24 2.210 2.202
aq x 108 91.71 91.7 93.16
a3 x 108 —7.36 —7.4 —6.72
B1 x 108 —25.68 —25.7 —27.06
B3 x 108 —2.43 —2.4 —2.22
y3 x 108 2.26 2.3 2.95
1 x 108 —0.47 —0.5 —0.40
£ x 108 —1.51 ~1.5 —1.83
ni (i=1;2;3) 0 0 0

Bijnens et al fit



Conclusion

® Talking about a kaon experiment we have
always to expect unexpected accuracy and
consequently brilliant measurement

® We, theorists, will do the best now, but the
future maybe even more optimistic



Kt — vy NAB2 sensitivity

l | Full description of unitarity cut
AK - 3n)=a+bY +cY?+d X?

This decay K+ — w~~ : The error obtained in
the form factor (¢) iIs dominated by the expt
K-> 3pi error in the quadratic slope !



K (KT)

K (KT)

(b)

(a)

0.12 0.14 0.16 0.18

0 0.02 0.04 0.06 0.08 0.1

[Q\} o

3(“Ip/1p)* /|

0

E,'(GeV)



