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Rare kaon decays

Rare Kaon decays take place via s—d FCNC and are strongly suppressed in the SM
- Historical tools to study FCNC
- Interesting probe of New Physics — Requires reliable prediction in the SM
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Weak effective Hamiltonian:  Heg = ——=- Vi Via - ; CLot
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Of = (57, PLd) (0" (1 — y5)ve), O = (57, Prd)(€y*0), Ofy = (57,Prd)(¢v"y5€) + other operators

= SD dominated
« K"—7ntvv and K;— n’vv (golden channels)

= LD dominated
o Ki—pp, Ks—pup, Kt—at04
and K, — 7w 0¢,...
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New Physics effects:
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BR(K; — n'vp) = AL 1 > Im® (MC))
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A0 37
BR(K; — )y = (2.68 +0.30) x 10~ BR(KL — mwvv)i5rs < 3.0 x 1072 at 90%CL
[D’Ambrosio, lyer, Mahmoudi, SN ‘22] [KOTO Coll., Ahn et al. ‘18]
New Physics effects: BR(KL — m’vv)ioro < 2.1 x 1077 at 90%CL

[KOTO Coll., J. Redeker talk at ICHEP24]
Lepton flavour universal
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LFUV InKt =t i/

K+—n* /¢ is long distance dominated, mediated by single photon exchange K+— 7ty

L ‘b ~ LD>>SD

A(z )O(GFMK (a+0z2)+ W™ (2) z=m>l)/ M

¢ \ LFUV with K+ -+ 47
150 1

—  precise SM prediction not yet possible

form factors loop term

LFU predicts the same « for £ =e, i and similarly for b 1001
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a#a indicates LFUV NP: ak¥ — a%¢ = —v2Re [Viq Vi (Ch — C§)] e
[Crivellin et al. ‘16] 0- z _|_SM
Channel a4 by Reference
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KTeV bound for muon mode

y K. I~
=2
[Dambrosio et al. ‘98;lIsidor et al. ‘04;Mescia, Smith, Trine ‘06] = o KTeV bound for electron mode
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Kr—pp

K. — pp is long distance dominated, mediated by two photons via K, —~ v

: 2
B f2m3. B 2m, Gra, Y:
BR(K;, — pji) = 7, =2 K78 [ NID 2% ) Re| A + XN CY
/ o BR(K-u ™ p7) (Af,>0)
LD >> SD BRIK,41 ™) (Afy, <0)

I I

NP o (Xdisp + Xabs) — NEP = +[0.54(77) — 3.95i] x 107! (GeV) 2

[D’Ambrosio et al. ‘86 ‘97 Isidori, Unterdorfer ‘03;D’Ambrosio et al. ‘17]
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® Prediction depends on the sign of A(K;— ~y) contribution
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Probability Density Function

® Uncertainty highly asymmetric
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Kr—pp

K. — pp is long distance dominated, mediated by two photons via K, —~ v
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All observables / Global fit

Fit with Superlso (considering positive LD+ for K — u. and positive interference for K+—s m* £¢)

Bl K*-ntvd
| Kiopp (Af, > 0)
LFUV with K+ -+ f
== K -»mnlee
[ Global fit to current data

30
We assume:

ol ® only vectorial and axial NP contributions

® NP contributions of the charged and neutral
leptons related to each other by the SU(2).
gauge symmetry and we work in the chiral basis

5Ct = 6C¢ = —5CY,

6CE

_10 =

1 1 1
—15 -10 -5 0 5

6CH = 6CT

/ darker purple region: / 95% CL of global fit


http://superiso.in2p3.fr/

Some issues to consider for Superlso




® How to treat asymmetric uncertainty inputs

® How to treat asymmetric uncertainty for a calculated observable

® [s there a meaningful way of considering asymmetric uncertainties in fits




Loop functions
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F{3) = A(s),
(7)) .
{d{+£«_|ou|f}> B oy (F(?) (@ ) N F(H} (@ } ) F‘z,u - 61{‘1(5)
ALt i non-fact. — i T/tree iu 9/tree ¢
s T “ F® = B(s) + 4C(s),
Fy3) = —6B(s) +3C(s),


https://arxiv.org/abs/hep-ph/0403185

Loop functions
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A(s) = ~o13 In (,”g Fa—39) [ng{sj + In(8) In(1 — s)]
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Logarithm and the Dilogarithm have a branch cut:

When s>1 for small e >0:
e Im|[Lix(s+ +i€)]=F mLog(s)
o Log(l-s+ +ie)]=Log(s—1)+im

=—> Im[Lis(s+ +1i€) + Log(s+ +i€)Log(1-s+ +i€)]
= FmLog(s) + Log(s) (+m) =0

But they must be treated in the same way
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e Care needs to taken when dealing with log and DilLog, etc. functions

® For future calculations one might need them for non-physical regions ¢?=s <0




Backup




K;— vy

Matrix elements of K; —n’vr and K+— 7+ vv are related via isospin resulting in the
Grossman-Nir bound [Grossman, Nir ‘97]

BR(K; — n'vr) < 4.3 x BR(KT — 7wv)

valid in the presence of most NP models

Considering the 2021 results of NA62 for BR(K*— 7 wv)
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K;— vy

Matrix elements of K; —n’vr and K+— 7+ vv are related via isospin resulting in the
Grossman-Nir bound

[Grossman, Nir ‘97]

BR(K; — n'vr) < 4.3 x BR(KT — 7wv)

valid in the presence of most NP models

Considering the 2024 results of NA62 for BR(K*— 7 wv)
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https://arxiv.org/abs/hep-ph/9701313

Backup

Asymmetric theoretical uncertainty of K, — uu

1o uncertainty of BR(K,—uu) as a function of reduced theory error

| BR(K,»u* ™) (Afw>-0] L SM prediction assuming negative LD sign
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Backup

Asymmetric theoretical uncertainty of K, — w4/

0.8
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Ks— pupu

- f ?{miﬁu 2 | A7TLD |2 2my, Groe ? 2 Ye ¢
BR(Kg — = T7g—"———F Ng — I —Xe—5— + A:C
(s ) = 75 167 BulNs”|" + mg /2w o %y fa

The long-distance contribution is cleaner, as the leading O(p*) chiral contribution of Ks— 7wt n~—~yy— ptu~
is theoretically under better control  [Ecker, Pich ‘91]

: LHCb bound @90% CL
BR(Ks — puji)*M = (5.15+ 1.50) x 10712 ound @

[D’Ambrosio, lyer, Mahmoudi, SN ‘22]

I’\ 10—10 - Prospect of LHCb limit @95% CL with 300 fb~! data
- ;
+
BR(Kg — pjii)"HP < 2.1(2.4) x 1071 @90(95) 1
[LHCb '20] Tn
X
o
e Ks— up Not very sensitive to axial currents @ o-11f

e Sensitive to new physics scenarios involving scalar and
pseudoscalar contributions



https://doi.org/10.1016/0550-3213(91)90056-4
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https://arxiv.org/abs/2209.02143

Scalar and pseudoscalar contributions in Ks— upu

Adding scalar contributions
_4Gp

%scalar —
\/*

—= Vi th [CSO + CpOYp]

0% = (5Prd)(80), O% = (5Prd)(lyst)

2

meKBM 2 LD GFCYe MCg
BR(K = 7o T NG~ — Re | —————
Gra, 2m,, Y. ACp ?
1 Ae—— + A\ C | _—
+(\/_7r) m[ 5%v+t10]+me[ms+md]

[Chobanova et al. “17]

e Ks— up measurement currently two orders of magnitude above SM

e \What does current data of other modes say about scalar and pseudoscalar contributions?


https://arxiv.org/abs/1711.11030

Scalar contributions in Kt —71//

Looking again into K+ — n* ¢+ ¢~ in the presence of scalar contributions

G _ _
M = =25 Jo (2)(pic + o) Byl + Grmi fs 1l

Al 2 (2. M3 ) o2 2 ) re=my/my,
=3 21;7T3K B2 (2) x {|fv| 2167T2>\(z)<1 + 2?5) + | fs| 3z5§} = s
Be=+/1—41%/z,
aeGQ m5 % dF(Z) enetal. " ao' A =1 2449 2 2]
Arn(e) = GETE NG Rel £l (T ) e A

e |f assumed SM-like only fy contributes

e A Only non-zero in case fs# 0; for electron mode always suppressed by electron mass

e Both the the various bins of the differential decay width and the integrated (BR) can probe f;s


https://arxiv.org/abs/hep-ph/0302207
https://arxiv.org/abs/hep-ph/0311253

Scalar and pseudoscalar contributions in Ks— upu

A% and 83% CL uppsr bounds on f5 with BR or A 0% and 5% CL uoper Bourds on || wibh 3-dirm Til Lo ol (+48zp)
ARt CL T (5% O
HAB2 BR {95% CLi HARZ aTlaz (25% LI
K- -t e 9% L K mtpmu- W AT - A 1907 CL
A {95% CL allaz - A= 195% CL)
RAAD HARZ
K- =n~u*u Et=ntutn 1.2 107"
HAdE2 L)
K-=n-ptu Bt =ntun
HATEE 1.0 % 107 MEAES 1.0 %1077
K- an~utu- 1.3 = 100 Bt aemtync 1.3 % 100
Mg i HEAH
-] gr=in = Klan'e'a
&g 6.8 107% FARS
K+ —wntete a7 =10t K-an p s 1.0 = 1077
01 oz 3 4 s & @ 8 & 13 11 12 13 14 ¢ 1 oz % a4 3 & ¢ & & 19 1z 1z 13 11
i r Bound {x10-2 ; : ‘ ¥z r Bound (=10~
I¥s| Upper Bound {1072 [D’Ambrosio, lyer, Mahmoudi, SN ‘24] eI L T e B

e Previous bound on fsvia BR(K*— wtete™) from E865 data | fs|<6.6x 10~ at 90% CL

e |n the muon mode also Arg be considered

e ~one order of magnitude stronger bound by analyzing simultaneously BR and dI’/dz with
| fs]<7.9%10°¢ at 90% CL


https://arxiv.org/abs/2404.03643

Prospects for future measurements




Prospects for KOTO-II
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Prospects for KOTO-II

: Future Precision
Fit results (20 CL) BR(K* »7* u0): 15% LD:+ for K. - uu
- Current data BR(K, - m°vb): 25%
| B KOTO-II, Proj. A
I KOTO-II, Proj. B
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- (Current situation

ol Scenario 1
e NAG2 final precision for K+ — nt v
?g Wr e KOTO-II final precision for K, — n'wvv
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_10_
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5CII_J [D’Ambrosio, lyer, Mahmoudi, SN ‘24]
Projection B

Observables already measured are kept, others assumed All measurements give current best-fit point
to match SM, with target precision of KOTO-II with target precision of KOTO-II


https://arxiv.org/abs/2409.06545

Prospects for KOTO-II
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Projection B

Observables already measured are kept, others assumed All measurements give current best-fit point
to match SM, with target precision of KOTO-II with target precision of KOTO-II
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Prospects for KOTO-II

: Future Precision
Fit results (20 CL) BR(K* »7* u0): 15% LD:+ for K. - uu
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- (Current situation

Scenario 3
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e NAG2 final precision for K+ — nt v
e KOTO-II final precision for K, — n'wvv
e KOTO-Il measurement of K, —n’ete-
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Projection B
Observables already measured are kept, others assumed All measurements give current best-fit point
to match SM, with target precision of KOTO-II with target precision of KOTO-II
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Impact of projected measurements

: Future Precision ; Future Precision
Fit results (20 CL) BR(K* —» 1+ vD): 15% LD:+ for K, - uu Fit results (20 CL) BR(K* -1+ vd): 15% LD:+ for K, — uy
Current data BR(K, - n000): 25% = Current data BR(K, - n°v0): 25%
307 mmm kOTO-II, Proj. A 307 mmm KOTO-I, Proj. B
20 20+
w0 w0
or or
-10f 1o of individual observables -10r 1o of individual observables
 K* > ntve (NA62-final 15%) I Kt > ntuo (NA62-final 15%)
K, - v (KOTO-Il 25%) K; - b (KOTO-Il 25%)
1 1 1 1 1 1 1
-15 -10 =5 0 5 -15 -10 -5 0 5
6Ct [D’Ambrosio, lyer, Mahmoudi, SN ‘24] 6Ct

Projection B
All measurements give current best-fit point
with target precision of KOTO-

Observables already measured are kept, others assumed
to match SM, with target precision of KOTO-I
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Impact of projected measurements

: Future Precision ; Future Precision
Fit results (20 CL) BR(K* »1* ub): 15% LD:+ for K, - uu Fit results (20 CL) BR(K* >+ vb): 15% LD:+ for K. - uu
= Current data BR(K, - m°vi): 25% = Current data BR(K; - nOvi): 25%
307 mmm KOTO-I, Proj. A BR(K.>1ee): 25% 30" mmm KOTO-Il, Proj. B BR(K.-n’ee): 25%
20 201+
Ly L L L
(y 0 O 10
w w0
0 ok

1o of individual observables
10 K* ->ntvd (NA62-final 15%)
K, - v (KOTO-Il 25%)

I K, - nee (KOTO-II 25%)

1o of individual observables
=10 mmm K* - ntvi (NA62-final 15%)
Ky = b (KOTO-Il 25%)

Superiso v4.1 = K, - nfee (KOTO-II 25%)

=15 -10 -5 0 5 =15 =10 ~5 0 5

6Cll_l [D’Ambrosio, lyer, Mahmoudi, SN ‘24] 5CI,:l
Projection B
Observables already measured are kept, others assumed All measurements give current best-fit point
to match SM, with target precision of KOTO-I with target precision of KOTO-
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Impact of projected measurements

Scenario 3

Future Precision
BR(K* -»m*tvi): 15%
BR(K, » n°v): 25%
BR(K, - n%ee): 25%
BR(K; - n°up): 25%

Fit results (20 CL)
= Current data

30T mwm KOTO-II, Proj. A

20

LD:+ for K, —>;B

30

20

T

Fit results (20 CL)
= Current data
B KOTO-II, Proj. B

Future Precision
BR(K* >t vb): 15% LD:+ for Ky = uu
BR(K; » nOvi): 25%

BR(K, - n%ee): 25%
BR(K, - n°up): 25%

(O] [
Q 1 O 10
w0 w
0 0
1o of individual observables 1o of individual observables
I Kt ->ntvd (NA62-final 15%) I Kt ->ntvb (NA62-final 15%)
-10 K, - mPvp (KOTO-Il 25%) -10r Ky - m%vp (KOTO-Il 25%)
I K, - nfee (KOTO-Il 25%) K, - nlee (KOTO-Il 25%)
K, - mup (KOTO-Il 25%) K, - nPuy (KOTO-I1 25%)
L= T, 1 1
-15 -10 -5 0 5 -15 =10 -5 0 5
6Ct [D’Ambrosio, lyer, Mahmoudi, SN ‘24] 6Ct

Projection A

Projection B

Observables already measured are kept, others assumed All measurements give current best-fit point
to match SM, with target precision of KOTO-I with target precision of KOTO-
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