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FCNC strange hadron decays with missing energy

a In the standard model (SM) the strangeness-changing neutral current
decays of light hadrons with missing energy (#) arise mainly from the
loop-induced quark transition s> dvv.

a Such decays are therefore highly suppressed in the SM, with
branching fractions of order 107 or less

» E.g. SM predictions: B(K+t — ntvi) = (8.5“‘0) % 10-11

—=1.2

B(K; — n%p) = (3.211) x 1071

Bobeth & Buras, 2018

a Thus, observing significantly larger branching fractions of these
processes at ongoing or upcoming experiments would likely be
indicative of new physics (NP).
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K~ 7 + missing energy

2 Measurements: B(K*T — ntvi) = 1.7(1.1) x 10710 DG, 2019
B(Kp — w%vp) < 3.0 x 1072 at 90% CL (010, 2019

SM predictions: B(K* — ntvp) = (8.577173) x 10711
B(Kp — nvp) = (3.2757) x 10711

Bobeth & Buras, 2018
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Summary and prospects NA 62 preliminary result

® Two events in signal region observed in 2017 data
m 2016+2017 NA62 result

BR(Kt = 7ntvr) <1.85 x 107'Y @ 90 % CL

BR(Kt — ntwv) = 0471072 x 10710

m Constraints on the largest enhancements allowed by NP models

® 2018 data analysis in progress (factor 2 more data)
* On-going studies to increase signal efficiency

® Hardware improvements foreseen from 2021 to mitigate the
upstream background

R Marchevski @ PIC 2019

PIC 2019 Latest measurement of K- — m*vv with NA62 (R. Marchevski) 41
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KrL— n0vv (2016-2018 data)

e SES =6.9%x10-10 KOTO preliminary result
* Four candidate events observed in the Signal region.

« Wil Stud_y the nature of the events inside the box.
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Data available

a K — 7TE
Measurements: B(K+ — 7T+l/l7) — 1.7(1.1) X 10_10 E949 2008, PDG 2019
B(KL — 71'01/l7> e 8.0 s 107 at 90% CL KOTO, 2019

o K — nn'E
Measurements: B(KT — ntn%0) < 4.3 X 107°% at 90% CL 87,2001
B(KL — w07 I/V) < 8.1 X 1077 at 90% CL €301, 2011

a K; ¢ — F still have no direct-search limits, but indirectly limits
can be inferred from the data on their visible decay channels:

B(K,— F)<63x10™* & B(Kg— F) < 1.1 x 107* at 95% CL

Gninenko, 2015

a No data yet in the baryon sector.
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Contributions of invisible spin-3 fermions

+ Effective Lagrangian for sd £f interactions at low energies
i [d’y ik (CV £ 7€ )f + dy"v,s £, ( cil 756‘1’3)f
+ ds F(CS + 75Ch)f + dyys F(E +585)f| + He.

f describes an electrically neutral, colorless, invisible, spin-1, Dirac particle.

V,A,S,P ~V,A,S,P
Model-independently Cz™7™ & €7 are generally complex free parameters.

* |t contributes to |AS| =1 kaon and hyperon decays with missing energy.
m K - nff

m K > nw/'ff

s K — ff
» B — B'FfF, BB = An,X+p, A, 2030, -3~
m QO > Eff
* L, can accommodate s — dvv in the SM, with ¢! = —c* = —¢v =¢4

and C3F =¢g¥" =0
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Hadronic matrix elements

o Mesonic matrix elements which don’t vanish:

(0]dy"v,s| K°) = (0[37"v5d| K°) = —ifypl,  (0|dvys|K°) = (0[3v;d|K®) = iBf;

B m2 — m?2
(m|dy"s|K7) = —(nt |3y d| KY) = (ph + ) fy + (£ — F1) ks qu T

K

(W_lgle_) — <7T+|§d|K+> - Bofo b] Bo - e ’ qKﬂ- - pK - pﬂ-

(20 7= (p_)| (s sl = 2 (o — p1,0) + PP )

(7 (p,) n°(p,) (7" 1) 3,5 K°) =

fx is the kaon decay constant, f_, represent form factors depending on g7,
q=Pkg- —Py—P_ =DPgo— Py — P,

a Vanishing ones: (0[d(x", 1)s|K°) = (0[3(+", 1)d|K®) = (0, 0)

(ﬂ-_|(i(7na 1)758|K_> — <W+|§(7na 1)’75d|K+> - (030)
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Hadronic matrix elements

a The baryonic matrix elements are estimated with aid of chiral perturbation theory
(xPT) at leading order:

— _ — _ Pazrs
<ﬁ3' d'y”s‘%> = Vyyra Uy Y Uy s <23’ d'y”’)/ss‘%> = gy, (FWAB,% — B, Q”) YUy s
<%’ 38|%> ) S%,%ﬁ%,u%, <Q3’ 3’758‘%> p— 'P%,%’l—l)%,ﬁ%u%, Q — p% - p%,
BB nA pET =0 3050 B
vas”B - % —1 \/g \_/_% 1
A :/—%(D+3F) D—F | —=(D-3F) —=(D+F) | D+F
m Mo, Moy, + MM
8& Iy - $B A?B v; b b P r - s B ’B ”B
BB m, — m BB BB A‘BBDm%_Dz
— QT} QH, IS - BO C Qn - ,
<'=' ’d’)’n’yE)SIQ > — CuE (’LL?} _|_ m2 . Qz uQ)’ (H |d75S|Q > — ~2 2 UEUB
K K
(B [dy"s|Q7) = (E7]ds|Q7) = 0, G = pg- — Pa-

a Most of them don’t vanish in leading-order yPT.
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Contributions of various couplings to kaon & hyperon modes
o L, = — F’)f”s Edpt (Ci - 'yscgf + dy", s iy (E; e 75E§)f

+ ds F(C5 + v;CE) £ + dygs £(E + 1/565)1’] + H.c.

Decaymode || K - 7ff | K = ff | K »an'ff | B BFff | Q- - = fF

V,A, 5P ~A,S, P ~V, A 8P V,ASP ~VASP ~V, A5 P
Cf, 3 C LIEES IS Cf C LIRS

Couplings Cs’ £ ,Cys £

NP couplings affecting FCNC kaon & hyperon decays with missing
energy carried by spin-1/2 fermions £ with nonzero mass, m, > 0.

¢; no longer contributes to K — ££ if m, = 0.
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SM predictions for hyperon decays with missing energy

* Lagrangian for s — dvw

L

aGF

SM
‘\/_71.8\2\ l=e,p, 7

X, are t- and c-quark contributions

> (ViVi,

8 u, e, t
W

X, + ViV XL dy"(1 — v5)s 7y, (1 — v5)v, + He,

* Branching fractions B(B — Bvv) = >, B(B — B'uy),,
for BB = An,XTp, E20A,Z02°, 2-3~
: . a Gg
with ¢ = —Cc* = - =¢ z—()\X —I—)\XZ) and C¥F=¢"=0
Ly ] vy vy \/g‘fl's vy
Similarly for B(Q™ — 2 vi),,
* Predictions for branching fractions
A—=nve | XT spvr | B2 5 Ave |E0 X% 0 | E- 5 X v | Q™ = E v
71 x1078 [ 43x10 (6.3 x107¥ | 1.0x10713% | 1.3x 1071 | 49 x 1072
JT,1901.10447
* Estimated BESIII sensitivity for branching fractions 4B L 161201775
A—=nvo | ZT —spvv | B s Ave | B0 530w |E- 52X v | Q- = E v
3x 1077 4x 1077 8 x 1077 9 x 107 — 2.6 x 10°°
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Constraints from kaon sector

¢ K. s — F still have no direct-search limits, but indirectly upper limits on them
can be inferred from the data on their visible decay channels: Gninenko, 2015
B(K, — F) <6.3x10* & B(Kg— F) < 1.1 x10~* both at 95% CL

SM predictions: B(K; — E) ~1x 10710 & B(Ks— E) ~ 2 x 1074

¢ K > nrn'F
Measurements: B(Kt — ntn%vi) < 4.3 X 107 at 90% CL
B(KL — 707 1/1/) < 8.1 % 107 at 90% CL Ppe 2019
SM predictions: B(K*+ — ntn%vi) ~ 10714 Littenberg & Valencia, 1996
Chiang & Gilman, 2000
B(KL — 71'071'01117) ~ 1()-13 Kamenik & Smith, 2012

¢ Implication: NP effects on K — F and K — nn’E can still be large.
NP that contributes via operators having mainly/only parity-odd quark parts

(and coupling constants €)**" ) is not yet stringently constrained.

Decay mode K — rnff K — ff K — nn'ff

. Vv A S P =A Z5 ZP ~V A Z5 ZP
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NP-enhanced hyperon rates (m. = 0)
a NP contributing only via operators with axial-vector ds part
» with the couplings assumed to be real.

L, D —dy"y,s ?'yn (E;’ - 756?)f + H.c.
2 The constraints come mainly from K, — «°z°F and lead to
(Re&})’ + (Re&})® < 9.4 x 10714 GeV™*

This translates into

B(A - nff) < 6.6 x 107°, B(St — pff) < 1.7 x 107
B(EO i Aff) <9.4x10°7, B(EO i zoff) < 1.3 x 1076
B(Q— — E—ff) < 7.5 %x10°° JT, 1901.10447

a The upper values of these limits exceed the BESIII sensitivity levels.

Estimated BESIII sensitivity for branching fractions Li, 2017

A=nvp |t spvp | B2 s Ave |E° =23%0 | Q- — 2 vi

3x 1077 4 x 1077 8 X 1077 9 x 1077 2.6 X 107°
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NP-enhanced hyperon rates (m.> 0)
a With m; > 0, maximal branching fractions of hyperon modes can be higher.

L. D —dvyys T(E; + v,€;)f — dy"vys f'yn(f:}’ + v4€8)f + He.

Decay mode || K — ff | K — wn'ff | B — B'ff | Q- - =" ff
. <A =S ZP =V ZA Z£S ZZP =V ZA =S ZZP =V Z=A =S ZP
Couplings | €%, €3, €} | €Y, €, ¢5. € | €}, ca, €5, €7 | ¢y, e, ¢,
I
} 0.01} -

0.001 |

1074

107

1076

Maximal branching fraction

1077
0

150

m, >0

. V,A,5,P
lgnoring ¢;

Li, Su, JT, 1905.08759

FIG. 3: The maximal branching fractions of B — B/ff with BB = An, XTp, Z0A, =V50 ==%~ and
of Q7 — Z7Ff wversus my, induced by the contribution of Re€y alone, subject to the Kj — )

constraint and the perturbativity and Q7 data requirements for m, > 90 MeV.
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Scalar leptoquark contributions

"5 (3.1,1) = g3 S.(3.2.1) = 5y S.(3.3.1) = 8" V28,
1(’ ’5)_ Lo 2(’ ’5)_ 512—1/3 ’ 3(’ ’5)_ \/553—2/3 _5?1)/3
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Scalar leptoquark contributions

. . ~2/3 1/3 4/3
- gl (g’ ]_’ %) = S’i/?’ ’ §2 (3, 2, %) = ( ~S_21/3) ’ 53 ('—5’9 39 %) — ( S —-2/3 \/_51'/; )
Sz '\/_83 _83

o Yukawa Lagrangian

ELQ:(Uyqjel + ¥ N )S v dShel 4+ V5 TSN, + Y

1,5y 1%y 2,5y ]

qjesgly + H.c.

3,7y

family indices j,y = 1,2,3 are summed over, g; (I,) and d; denote LH quark (lepton) doublet

and RH down-type quark singlet, respectively, and ¢ = ir,
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Scalar leptoquark contributions
S ~2/3 1/3 4/3
"5 (311)—5'1/3 5’*(321)— S 5(331)_ Ss V2 S5/
-9 — 1 ? 2= - ~__ ? b - —
1 3 2 6 3; 1/3 3 3 \/583 2/3 —S;/?’
o Yukawa Lagrangian

L, = (Yliij gSel, + 31" dSN )Sl + Ve d;Syel + ¥, @GSN, + Yy eS,l, + H.c.

13y 317y 2,5y ] 3,7y

family indices j,y = 1,2,3 are summed over, g; (I,) and d; denote LH quark (lepton) doublet

and RH down-type quark singlet, respectively, and ¢ = ir,

a At tree level the LQs can mediate sdff’ interactions, f = v or N

I [ % P v A / a0 F ~V ~A /
Lo = —|dy"s T, (Chy + %0 )£ + @y™ygs T, (€ + 75800 '] + Hee
__VyLLx* LL RL* RL LL* LL
gy e ol e Yl,le1,2y + Y2,2:cY2,1y . Y3,1wY3,2y
vv! T vv! T 2 2 )
8'm§1 8m§2 8myg, g : e
LL=* LL RL* RL LL* LL I
. Yl,le1,2y i Y2,2:L‘Y2,1y ) Y3,1:BY3,2'y LQ
v T Tw T 8m2 8m2 8m2 7 ! —
Si Sa S3 d e <3 '
' RR* ~RR ~LR¥ ~LR
oV A — Yi12Y1,2y 4 Yo,2¢Y2,1y
NN’ T VNN T 2 2
8m,§1 871152
~RR¥ RR ~LR¥ ~LR
P S, —Y312Y1,2y . Y3,22Y2,1y
NN/ T “NN’ T 2 >
8?77,5,1 8777,52
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Scalar leptoquark contributions

’ e v A /' Gam = fmy ~A ’
Lo = —|@v"s Ty, (Chpr + 45Ch0 ) + @58 T, (L + WEeer) '] + Hee
___yLL* LL RL* RL LLs* LL
CV L —CA L Yl,le1,2y _I_ Y2,2wY2,1y . Y3,1a:Y3,2y
vrv! T vv! T 2 2 2
8mz 8my, 8myg,
LL* LL RL* RL LL* LL
~V L —EA L Yl,lel,Z'y _I_ Y2,2mY2,1y Y3,1:13Y3,2y
vt T ppl T 2 2 2
8mz 8mz 8myg,
~RR¥M ~RR ~LR% ==LR
CV y = A y = _Yl,lel,Zy _I_ Y2,2:13Y2,1y
NN NN 2 2
8m§1 8m52
~RR¥ ~RR ~T.R%¥ =~TR
EV L EA L _Yl,le1,2y Y2,293Y2,1y
NN’ T “NN’ — 2 o 2
8'm§1 8fm52
Decaymode | K = nff | K — ff | K > arn'ff | B B'ff |Q == ff
: V,A,8,P ~A,S, P ~V,A,S,P V,ASP ~V,AS P ~V,A.S,P
COUp[IﬂgS Cf' ’ Cf' ' Cf? T Cf' Y ij' o Cf' S
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Scalar leptoquark contributions

’ _— I v A /' Gam = fmy ~A ’
Lo = —|@v"s Ty, (Chpr + 45Ch0 ) + @58 T, (L + WEeer) '] + Hee
___yLL* LL RL* RL LLs* LL
CV L —CA L Yl,le1,2y _I_ Y2,2mY2,1y . Y3,1:BY3,2y - O
vt T 8m2 8m?2 8m>2 N
S So Ss
LL* LL RL* RL LL* LL
~V L EA L Yl,le1,2'y _I_ Y2,2:1:Y2,1y Y3,133Y3,2y
gt T gt = 2 2 2
8mz 8mz 8myg,
~RR¥M ~RR ailiRke R
CV T _Yl,lach,Zy _I_ Y2,2:1:Y2,1y - 0
NN TENT T 8m2 8m?2 -
.5'1 52
~RR¥ ~RR ~T.R%¥ =~TR
EV L EA L _Yl,le1,2y Y2,2mY2,1y
NN’ T “NN’ — 2 o 2
8m§1 8m§2
Decaymode | K = nff | K — ff | K > arn'ff | B B'ff |Q == ff
: V,A,8,P ~A,S, P ~V,A,S,P V,ASP ~V,AS P ~V,A.S,P
COUpIIﬂgS Cf' ’ Cf' ' Cf? T Cf' Y ij' o Cf' S

a At least two different LQs are needed.
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Constraints from kaon mixing

a —» —» —
d;?'_""é:l'/'g,"'_’_s’R dﬁ’—“"‘g'gg"_’—sh dL_’_""S-'-,:f/'g'"_'_s'L
v 2 v Y 2 e! N 2 N
\ A \ A Y A
B —1/3 _ ~ ~2/3 _ 3 —1/3 _
SO S IOV AU B O AR B IOV
LL LL% SLR O SLR* \2 LL LL% 2
HLQ L (ZmYl,le1,2m)2 _I_ (ZHY2,2RY2,1n) _I_ S(ZmYS,le3,2a:) 3 ’)/T"d 3 ~ d
=2 L L*L L
|45]=2 12872 m? 12872 m? 12872 m?, "
1 2
~RR ~RRx*x \2 RL RL* \2
_I_ (ZnYl,lnY1,2n) _|_ (ZwY2,2mY2,1m) 3 "d 3 d
12872 m?2 6472 m?2 RY Cr SRR
S1 Sa

Kaon mixing constraints can be avoided by assigning the nonzero elements of
the 1st and 2nd rows of each contributing Yukawa matrix to different columns.
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Constraints from LFV processes

9 At tree level the LQs can mediate lepton-flavor-violating sdé¢’ interactions

Loy = — [37773 67, (Vopr + Vshe ) + dy" 758 €7, (Ve + '75:&%')3’} + H.c.
Ygf;ngl:ly Ylél:;eréI:Zy ~ ~ Ygf;:cYgl:ly YIéI:TmYI{’»Iby
Vo = =By = 2 gm2 Voo = —Appr = > T A2
8m 3, mg, 8m 3, mg,

o |f xy = 12,21, corresponding to £¢' = ey, pe, the first (last) 2 terms induce
K — mep (K — eu). Their bounds can be evaded with zy # 12, 21.
Likewise, constraints from pu — ev,3e and pu — e transitions are avoided.
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Constraints from LFV processes
= If xy = 13, 31,23, 32, the tau decays * — eK™®), u K™ are induced
but their bounds are not too severe.

= With only S; and S, being present and the choices

0 Y112 0 0 0 Y213
Yi'=(0 0 Yy,23 | » Yoo =10 Ys 22 0
0 0 0 0 0 0

the 7 — £K™ restrictions translate into (ff' = v,v,)
B(A = nff') < 1.7 x 1077, B(Xt — pff’) < 4.7 x 1078
B(E° — Aff’) < 2.5 X 1078, B(E® — X°ff’) < 3.5 x 1078
B(Q~ —» E-ff') < 2.0 x 107°

These are not far below the proposed BESIII sensitivity reach

L1, 2017
A>nvo | ST oo | B 5 Ave |BC X% | Q- — B vip
p

3 x 107° 4 5 107 8 x 10~7 9 x 10~° 2.6 X 107°
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With LQ couplings to light right-handed neutrinos but not to SM leptons

a The kaon mixing restrictions can be evaded as before.

2 The constraints come mainly from K, — #°7°F and lead to

(Re i

NN

This translates into

B(A — nNN') < 6.6 x 107¢,

B(E° — ANN') < 9.4 X 1077,

B(Q1~ - E"NN') < 7.5 x 107°

1?4 (Re@d,)” < b x 15— 2GeV—2

B(Xt — pNV’) < 1.7 X 1076

B(E® — X°NN') < 1.3 X 1076

JT,1901.10447

a Their upper values exceed the proposed BESIII sensitivity reach.

Li, 2017
A=anvo |t spup | B Avp (B30 | Q- = E-vi
3 x 1077 4 x 1077 8 x 107 9 x 1077 2.6 X 107°

J Tandean

13 Dec 2019
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Conclusions

a FCNC hyperon & kaon decays with missing energy are potentially
sensitive to physics beyond the SM, but they do not probe the same
set of the underlying NP operators.

a Ongoing & future experiments on the hyperon ones can provide
useful information on possible NP effects which is complementary to
that from the kaon sector.

a The forthcoming measurements by BESIII, and future ones at super
charm-tau factories, on the hyperon modes can help test different NP
scenarios.
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