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beauty is the new strange!
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Motivations

Ka O n p h y S i C S 1. CP Violation: Kaons were crucial in the discovery of CP violation, a phenomenon where the laws

of physics behave differently under the combined operations of charge conjugation (C) and
parity transformation (P). The study of kaons contributed significantly to our understanding of
this fundamental aspect of particle physics, which is essential for explaining the matter-
antimatter asymmetry observed in the universe.

2. Flavor Physics: Kaons are mesons containing a strange quark and an up or down antiquark.
Studying their behavior provides insights into the weak interaction, which governs processes
such as particle decay. Understanding the properties and behavior of particles like kaons helps
refine our understanding of the fundamental forces of nature.

3. Rare Decays: Kaon physics involves the study of rare decays of kaons, which occur through weak
interactions. Investigating these decays allows physicists to probe the Standard Model of particle
physics and search for deviations that could indicate new physics beyond our current
understanding.

4. Precision Measurements: Experiments involving kaons often require high precision in

measurements due to the rarity of certain decay processes. These experiments push the
boundaries of technology and experimental techniques, leading to advancements in detector
technology and data analysis methods.

5. Cosmology and Astroparticle Physics: Kaons and other particles produced in high-energy

cosmic-ray interactions can provide information about cosmic-ray propagation and the
properties of the universe. Understanding kaon interactions in cosmic rays can help us interpret

data from astroparticle experiments and cosmic-ray observatories.

Overall, kaon physics plays a crucial role in our quest to understand the fundamental building
blocks of the universe, the forces that govern their interactions, and the underlying symmetries

and asymmetries that shape the cosmos.




Rare kaon decays

e The rare decays of a charged or neutral kaon into a pion plus a pair of charged or neutral leptons are
strongly suppressed in the SM
- historical tools to study Flavor Changing Neutral Currents (FCNC)

e The “gold-plated” rare kaon decays K*-m*vv and K.—»m’vwv do not suffer from large hadronic uncertainties
- rates very precisely predicted in SM
- complementary to B physics

e Experimentally clean due to the limited number of possible decay channels
- complementary probes of New Physics
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AG R
7

01, = (87, Prd) (e (1 = vs)ve), Oy = (57, Prd)(iy"0), Oty = (57, Prd)(tr"s1)
+ scalar and pseudoscalar operators

NP contributions: Ck; s OI;SM + 5ka + the chirality-flipped counterparts

Weak effective Hamiltonian: H.g = ———=V; V}d de Z CkOe

N. Mahmoudi Bevond the flavour anomalies' workshop i 11 April 2024



Rare kaon decays

= SD dominated
e Kf->mtvy and K.-»1mnvv (golden channels)

= LD dominated
e KL=ul, Ks=> uu, Ktr->mntf and K. - nCZL, ...
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Kt->11tvv

+ 4+ - (]- + AEl\/[) 1 4 ()\| = Vis Vid)
BR(K" —» n"vo) = 310 Z Im* (\C7) + Re” 32 + \CY
 top loop: Cf gy = —Xsu(z:)/siy NNLO QCD and 2 -loop EW [Buchalla, Buras,’99; Misiak, Urban ‘99, Broad et al. ‘10]

- charm contribution: X, = »[PS? 4+ 5P*?] SD: NNLO QCD and NLO EW; LD: ChPT  SD:Buras etal. ‘05; Brod et al. ‘08
) LD:[Isidori et al.’05]

* OL matrix elements known from K3, branching ratios = included in K. [Mescia, Smith ‘07]

- I'sp/T" >90%

BR(K+ — 7T+VI7)SM = (7.86 +0.61) x 10~ [D’Ambrosio, lyer, FM, Neshatpour ‘22]

Sources of uncertainty:
SD ~ 2%, LD ~ 3%, Parametric ~ 7%

BR(KT — nTvi)gm = (7.73£0.61) x 1071 (Brod, Gorbahn, Stamou 211
BR(K+ — 7T+VI7)SM = (8.60 +0.42) x 1071 [Buras, Venturini ‘22]
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https://arxiv.org/abs/hep-ph/9901288
https://arxiv.org/abs/hep-ph/9901288
https://arxiv.org/abs/1009.0947
https://arxiv.org/abs/0705.2025
https://arxiv.org/abs/hep-ph/0603079
https://arxiv.org/abs/0805.4119
https://arxiv.org/abs/hep-ph/0503107
https://arxiv.org/abs/2105.02868
https://arxiv.org/abs/2209.02143
https://arxiv.org/abs/2203.10099

Kt->11tvv

14+ A AeXe
BR(KT — nfvp) = el ;O EM) Sty Z [Im C’f) + Re? (— 2 + )\tC%)]

BR(KT — 7 vi)nage = (10.6739 +0.9) x 10_11 [NAG62 Coll., Cortina Gil et al. *21]

BR(K+ — 7T+VE)SM = (7.86 £ 0.61) x 10~ [D’Ambrosio, lyer, FM, Neshatpour ‘22]

New Physics effects:

Lepton flavour universal Lepton flavour universality V|olat|on
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https://arxiv.org/abs/2103.15389
https://arxiv.org/abs/2209.02143

Ki—= 11° VWV

0.~ _ krly 2 i
BR(Kp —» mvo) = 110 35w ZIm (MC1)
V4
* CLsm Ssame as for K*-mtvv
¢ charm contributions below 1%

* 99% SD

BR(KL — 7TOVI7)SM = (2,68 + 0,30) x 10~ H [D’Ambrosio, lyer, FM, Neshatpour ‘22]
Sources of uncertainty:
SD ~ 2%, LD ~ 1%, Parametric ~11%

BR(K — n%v)sy = (2.59 £ 0.29) x 10~ [Brod, Gorbahn, Stamou ‘21]
BR(KL — FOVD)SM = (2.94 + 0.15) x 1071 [Buras, Venturini ‘22]
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https://arxiv.org/abs/2105.02868
https://arxiv.org/abs/2203.10099
https://arxiv.org/abs/2209.02143

Ki—= 11° VWV

A0 3%

BR(K; — 7°vP)koro < 3.0 x 107 2 at 90% CL  [KOTO Coll., Ahn et al. ‘18]

BR(K — mvp) = ALl > Im® (MC)
12

BR(KL — WOVD)SM = (2.68 + 0.30) X 10_11 [D’Ambrosio, lyer, FM, Neshatpour ‘22]

New Physics effects:

Lepton flavour universality violation

Lepton flavour universal
53.8 (20xSM)
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https://arxiv.org/abs/1810.09655
https://arxiv.org/abs/2209.02143

LFUV In Kt - it/

K+ - it is long distance dominated, mediated by single photon exchange K*— mtty”

LD >> SD —> precise SM prediction not yet possible

A(2z) o« GpM2Z (0 + bz) + W™ (z) 2= m?(th) /Mg
v

form factors loop term

LFU predicts the same form factors a and b, forf = e,u

ac= am indicates LFUV NP: a4 — a% = —V2Re[ViyVii(CH — C§))
[Crivellin et al. '16]
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https://arxiv.org/abs/1601.00970

LFUV In Kt - it/

K+ - it is long distance dominated, mediated by single photon exchange K*— mtty”

LD >> SD =

A(2z) o« GpM2Z (0 + bz) + W™ (z) 2= m?(th) /Mg

L/ \\

form factors loop term

LFU predicts the same form factors a and b, forf = e,u

50 A

[UFe))
aeez a# indicates LFUV NP: a/* — a% = —V2Re [V Vi (CH — C§)] B
[Crivellin et al. ‘16] 0
Channel a4 by Reference
_50 .
ee —0.561 £0.009 —0.694 +0.040 E865 ‘99 and NA48/2 ‘09 comb.
[D’Ambrosio, Greynat, Knecht ‘18] ~100
L —0.575 +£0.013  —0.722 +£0.043 NA62 Coll. 22

precise SM prediction not yet possible
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https://arxiv.org/abs/hep-ex/9907045
https://arxiv.org/abs/0903.3130
https://arxiv.org/abs/2209.05076
https://arxiv.org/abs/1812.00735
https://arxiv.org/abs/1601.00970

KL = P

K. = pgu is long distance dominated, mediated by two photons via K. = y* y*

. f?(m%’ﬁ# LD 2my, Gra. ?
BR(K; — =7 A PN (£ ) Re }\ A C
v 9.5F “ >I
LD >> SD M0
% e 9.0t 7
NEP o (Xdisp + 0Xabs) —>  NEP = £[0.54(77) — 3.95i] x 10~ (GeV)~? ;if 8.5
2
[D’Ambrosio et al. ‘86 ‘97; [D’Ambrosio et al. ‘17] i 8.0 ]
Gomez Dumm, Pich ‘98; [Hoferichter et al. ‘23] o .
Knecht et al. '99; S 7.5 Tl
Isidori, Unterdorfer ‘03] el
700 el
Prediction depends on the sign of A(K.—~ yy) contribution peleE P
determining the effect of the SD-LD interference 6.5] S o | S
-05 0.0 0.5
) LD(+): (6.827077 +0.04) x 10~ SNE?
BRIKL = mit)gy = +1.46 9 9
LD(—): (8.045§g5 £0.09) x 10~ BR(KL — pji)exp = (6.84 +0.11) x 10~
[D’Ambrosio, lyer, FM, Neshatpour ‘22] [PDG]
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https://doi.org/10.1016/0370-2693(86)90724-0
https://arxiv.org/abs/hep-ph/9708326
https://arxiv.org/abs/hep-ph/9801298
https://arxiv.org/abs/hep-ph/9908283
https://arxiv.org/abs/hep-ph/0311084
https://arxiv.org/abs/1711.11030
https://arxiv.org/abs/2310.17689
https://pdglive.lbl.gov/BranchingRatio.action?desig=6&parCode=S013&home=MXXX020
https://arxiv.org/abs/2209.02143

KL = P

K. = pu is long distance dominated, mediated by two photons via K. = y* y*

3 9 Y, 112
Ml | NLD (—m” LF%) Re[—)\cTc + A f0]
v‘” 1.8
LD >> SD % 1.6

=
>

£ .

NP o (Xdisp + iXabs) —>  NEP = £[0.54(77) — 3.95i] x 10~ (GeV)~?

[D’Ambrosio et al. ‘86 ‘97; [D’Ambrosio et al. ‘17]
Gomez Dumm, Pich ‘98; [Hoferichter et al. ‘23]

=
o

108 x BR(K;=»u ")
=
N

Knecht et al. ‘99;
Isidori, Unterdorfer ‘03] 0.8
Prediction depends on the sign of A(K.— yy) contribution 06r \Ms t (PDG)
determining the effect of the SD-LD interference 0.4F | , - .uremen , , ,
-10 -5 0 5 10 15 20
LD(+): (6.827031 £0.04) x 107" 6C10
BR(KL, — pii)gy = o
LD(—): (8.04% 5% £0.09) x 10~* BR(KL — pfi)exp = (6.84 +0.11) x 107°

[D’Ambrosio, lyer, FM, Neshatpour ‘22] [PDG]
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https://pdglive.lbl.gov/BranchingRatio.action?desig=6&parCode=S013&home=MXXX020
https://arxiv.org/abs/2209.02143
https://doi.org/10.1016/0370-2693(86)90724-0
https://arxiv.org/abs/hep-ph/9708326
https://arxiv.org/abs/hep-ph/9801298
https://arxiv.org/abs/hep-ph/9908283
https://arxiv.org/abs/hep-ph/0311084
https://arxiv.org/abs/2310.17689
https://arxiv.org/abs/1711.11030

Ks = yu

167 mi \2m Sty

2m? 2 ? Y,
BR(Ks — juii) = s K {53 [NEP® + ( T GF%) Im” [—)\CTC +)\th0:| }

NEP = (=2.65 + 1.144) x 107! (GeV) 2

[D’Ambrosio et al. ‘86 ‘97;
Gomez Dumm, Pich ‘98;
Knecht et al. ‘99;

Isidori, Unterdorfer ‘03]

BR(Kg — pufi)>™ = (5.15 & 1.50) x 10712
[D’Ambrosio, lyer, FM, Neshatpour ‘22]

BR(Ks—u™*u™)

BR(Ks — pup) < 2.1(2.4) x 1071 @90(95)% CL

LHCb bound @90% CL

10—10 - Prospect of LHCb limit @95% CL with 300 fb~! data

[LHCD, ‘201
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https://doi.org/10.1016/0370-2693(86)90724-0
https://arxiv.org/abs/hep-ph/9708326
https://arxiv.org/abs/hep-ph/9801298
https://arxiv.org/abs/hep-ph/9908283
https://arxiv.org/abs/hep-ph/0311084
https://arxiv.org/abs/2209.02143

K =1/

BR(K, — 70f) = (Cgir + L Jas| + CL. |as|? + Cf;,y) 10712

s W d

Y < e
NS |
" Ks e K

ep e

[Dambrosio et al. ‘98;lIsidor et al. ‘04;Mescia, Smith, Trine ‘06]

| Chi R e e
l=e| (462+024)(w?, +w2,) | (11.3£03)wry || 145+£05 ~ 0
C=p | (1.09 £ 0.05) (w2, +2.32w2,) | (2.63 £0.06 3.36+0.20 | 5.2+ 1.6

[Mescia, Smith, Trine ‘06]
! A 1 A
wry [= 5 m {1.407 x 10— 09] [ wral= g2Im [1.407 PETIEART
BR™M (K, — n¥ee) = 3.46103 (1.551043) x 107 BROP(K, — n%@) < 28 x 10711 at 90% CL
BROM(Kp, — 70uj1) = 1.3840:27 (0.944028) x 1071 BROP(Kp, — nuji) < 38 x 1071 at 90% CL
[D’Ambrosio, lyer, FM, Neshatpour ‘22] [KTeV ‘00 and ‘03]
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https://arxiv.org/abs/hep-ph/0606081
https://arxiv.org/abs/hep-ex/0001006
https://arxiv.org/abs/hep-ex/0309072
https://arxiv.org/abs/hep-ph/9808289
https://arxiv.org/abs/hep-ph/0404127
https://arxiv.org/abs/hep-ph/0606081
https://arxiv.org/abs/2209.02143

K =1/

BR(K, — n'tl) = (Cﬁir + Cilas| + Chiclas|” + C’,‘;,y> 107
e / E

DN M X \ |
;ﬁ £ X

KTeV bound for muon mode

p e Kg e Ky =
[Dambrosio et al. ‘98;lIsidor et al. ‘04;Mescia, Smith, Trine ‘06] 5: 30 KTeV bound for electron mode
1,
Ch Ch Chw | 4 3
l=e| (4.62+0.24) (w2, +w2,) | | (113+03)wyy || 145405 | ~0 2 T
0= | (1.09 £ 0.05) w%v +2.32w$A) (2.63:&0.06 3.36+020 | 52+£1.6 :c'>
— 10

[Mescia, Smith, Trine ‘06]

1, N ol _ 1, A
L SO LA o T07 % Il

1407 * 10_4 0 [ (constructive interference assumed) - KL—’TIO[J"'M_
—éSO —:10 —120 (l) 210 4IO GIO
6CL = —6CL,
BR™M (K, — nlee) = 3.467037 (1.557053) x 107" BROP(K; — %) < 28 x 1071 at 90% CL
BRI (K[, — 7°u) = 1.387037 (0.9470:20) x 107 BROP(Kp — 7%pujt) <38 x 10711 at 90% CL

[D’Ambrosio, lyer, FM, Neshatpour ‘22] [KTeV ‘00 and ‘03]
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https://arxiv.org/abs/hep-ph/0606081
https://arxiv.org/abs/hep-ex/0001006
https://arxiv.org/abs/hep-ex/0309072
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Global analysis
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All observables

Rare kaon observables 5C # 50" = 6CT
[ ] K*—»n*lvﬁ . e - E
Observable SM prediction Experimental results 100k L K-up (Af, > 0) ] p- ]
BR(K* — 7wp) (.86 +0.61) x 107 (10.67%0 +0.9) x 107 A I
BR(K? — n'vv) (2,68 £0.30) x 10} < 3.0 x 10-° @90% CL T e
oo Kionouu 4
LEUV(a — a5¢) 0 —0.014 £ 0.016 [ eeee omove. 4
+0.77 9 if el r
BR(KL = pp) (+)  (6.82755) x 10 (6.84 4+ 0.11) x 10~ o A i
BR(Ky, — pp) (=) (8.047147) % 1072 S of ;
BR(Kg — f1y1) (5.15+ 1.50) x 102 < 2.1(2.4) x 10" @90(95)% CL i
0 +0.92 1 i
BR(K,, = mlee)(+)  (346155) x 10 < 28 x 10-1 @90% CL L B -
BR(K, — 1.38027) x 1071
R(KL = 7'pp)(+)  (1.38Zg55) x 10 <38 % 10~ @90% CIL ool \ |
CBR(KL A=) (094553 0= | | TR e T |
—].IOO —.Ir>0 0 5I0 I 1CI)0
6Cl' = 6CF
We assume NP contributions of the charged and neutral o
leptons related to each other by the SU(2). gauge Bounds from individual observables:
symmetry and we work in the chiral basis Coloured regions: 68% CL measurements

Dashed lines: 90% upper limits
3CY = 5C5 = —5CY,
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All observables

Rare kaon observables 5C # 50" = 6CT
50 N -
Observable SM prediction Experimental results /b(ﬂ i
27 i
BR(KT — 7wp)  (7.86+0.61) x 107} (106742 +0.9) x 107 or ; //-'o(” i
BR(K? — 7°v) (2.68 £0.30) x 10 1} < 3.0 x 10°° @90% CL Wl o i
LEUV (a2 — a%) 0 —0.014 0,016 U H
+0.77 —9 | i
BR(KL = uu) (+) - (682030) x 10 (6.84 +0.11) x 10~ ol i
BR(KL = 1) (=) (8.04550) x 1079 3 !
BR(Ks — p1j1) (5.15 + 1.50) x 1012 < 2.1(2.4) x 1010 @90(95)% CL or
BR(KL, — %e)(+)  (3.461092) x 10711 . I Kot
CBR(G o ey (s g | T ’ = (4, > 0)
—f. T Ko (Af,, < 0)
0 +0.27 -11 -10} with K* —m* 22
BRUEL = ) (+) - (138 o5) > 10 <38 % 1071 @90% CL, * e K
 BR(KL = map) (=) (0:945555) =101 : - K
205 ' 20 30 20 50 60 70
6Cl' = 6Cf
We assume NP contributions of the charged and neutral o
leptons related to each other by the SU(2). gauge Bounds from individual observables:
symmetry and we work in the chiral basis Coloured regions: 68% CL measurements

Dashed lines: 90% upper limits
5Ct = 605 = —6CY,
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All observabl

es / Global fit

Fit (with Superlso public program) for positive LD contributions to K. = pu

30

20

5CE

=10 F

Bl Kt-ontvo

| B K- (A’L"yy >0)

L1 LFUV with K*-nt
==== K -nlee
I Global fit to current data

1 1
-15 -10

6CH = 6CF

Lighter / darker purple region: 62% / 95% CL of global fit

Main constraining observables

BR(K* - 1" vv) followed by BR(K. = uu)
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http://superiso.in2p3.fr/

Ks = Ul

Add the scalar operator:

scalar __
Hr = C,0 + C,0

- fEemicBu | 2 D)2 2my, Grae ? 2 Ye ¢
BR(Kgs — S e B e e ) g e
(Ks = pp) = 7s 167 Bu‘ BsS | + mr /2n m A 52 + AC1o

SM ~
By = NP = K po(cy — Cy)
ms + My

[Chobanova et al ‘17]

How to get a handle on the scalar operator?
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K+ — it/

[Gao. ‘03,
Let’'s go back to K* — 1188 Chen et al. ‘03 ]

2

d*T G35 M; a
= SR ) % Il (oA - B co0) + Lol

dzdcost 2873

FRe( i fs) - BN2(z) cos b} re = me/ M

anae) = S e i) /(T2

Difficult to do this for the electron mode

AFB is non-zero only in case there are simultaneously vector and scalar contributions!
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https://arxiv.org/abs/hep-ph/0311253
https://arxiv.org/abs/hep-ph/0302207

Bounds on fs

| (KT = 7mrutu) || (KT — nfeter) |
NA48/2 exp |fs| < E865 exp | fs] <
AFB (-24 + 18) x 1072 | 4.2 x 107> AFB — —
BR | (9.62+£0.21) x 1078 | 1.0 x 107* BR | (2988 £0.040) x 1077 | 6.8 x 107>
NAG2 exp |fs| < NA48/2 exp |fs] <
AFB (00 + 07) x 1072 7.7 %107 AFB - -
BR | (9.164+0.06) x 107% | 5.6 x 10~° BR (3.14+£0.04) x 1077 | 6.8 x 107°
W W
Our results Our results

e we constrain the scalar interactions by examining both the BR and the AFB

® The upper bounds on fs from both observables demonstrate the sensitivity of current
experimental measurements

® The most stringent limit on fs arises from the NA62 measurement of AFB, highlighting
its potential to probe new physics scenarios involving scalar interactions.

* NA62 will also soon have results for K* - n*// (D'Ambrosio, lyer, FM, Neshatpour 24]
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https://arxiv.org/abs/2404.03643

Prospects for future measurements
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NAG62 final precision

Observable

SM prediction Experimental results NAG62 final

BR(Kt — nwvp)

N. Mahmoudi

(7.86 £0.61) x 107" (10.6732 £ 0.9) x 107 20%

Fit results (20 CL) LD:+ for K.~y
- Current data
== NAG62 final precision

[0 Phase 2 (w/o KOTO), Proj, A _— - N
EEE Phase 2 (w/o KOTO), Proj. B -

30

20

10

5CE

Superiso v4.1

-10F T T y

1 1
=15 -10 =5 0
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Impact of Kt > mtvv and K.—» m° vv

Fit results (20 CL) LD:+ for K, »uu
- current data

30F —— NAe62 final precision
[ projection A
20
(o]
0 -

Superlso v4.1

—10F 10 of individual observables
E K*-ntvb (5%)
i K-nfvb (20%)

T I

L
-15 -10 -5

scH

Projection A

Observables already measured are kept, others
assumed to be match SM, all with target precision

of KOTO-II (+ HIKE)

N. Mahmoudi

30

20

6CE

-10

10

Fit results (20 CL)
- current data
== NA62 final precision
Il projection B

LD:+ for K —»uu

Superiso v4.1

I 1o of individual observables
K -nt b (5%)
n K-nfvb (20%)

| |

L
-15 -10 -5 0

sCcH

Projection B

All measurements give current best-fit point

with target precision of KOTO-II (+ HIKE)
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Future experimental landscape

NA62 Run 2: Approved until LS3
Main goal is measure ultra rare kaon decay K* - 1t*vv with 10-20% precision

In total the largest K+ sample ever accumulated, analyses will continue for
several years after LS3.

KOTO: Study of K. - 1°vv at J-PARC
Main goal is to reach a sensitivity below 10-1°

KOTO-II: aims to measure the branching ratio with a precision of 20%.
LHCb: Strong programme of Ks physics, in particular Ks — pp
LHCDb upgrade: Can reach the SM sensitivity

FCC.: Strong flavour physics program

N. Mahmoudi Bevond the flavour anomalies' workshop - Si 11 April 2024



Future experimental landscape

HIKE: Study of rare kaon decays at very high precision

BDF/SHIP has been approved, instead of HIKE+SHADOWS, as the next project in ECN3. The
HIKE physics case was considered to be excellent, as already established by the SPSC, but
this was a strategic political decision of the Laboratory.

Other possibilities are being investigated:
- join forces with KOTO-II and extend its physics case
- PS at CERN, or other accelerators in the word

> s
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Future experimental landscape

HIKE: Study of rare kaon decays at very high precision

BDF/SHIP has been approved, instead of HIKE+SHADOWS, as the next project in ECN3. The
HIKE physics case was considered to be excellent, as already established by the SPSC, but
this was a strategic political decision of the Laboratory.

Other possibilities are being investigated:
- join forces with KOTO-II and extend its physics case
— PS at CERN, or other accelerators in the word

> s

The kaon physics community is disappointed but NOT dead!

The experimental kaon physics community is very much alive, and determined to look
into the next thing on the horizon*.

* Cristina Lazzeroni

N. Mahmoudi Bevond the flavour anomalies' workshop i 11 April 2024
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