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FCNC: short-distance, loop-level, CP-violating, GIM suppressed process.

BR (K™ — ntor) = (0.84 £ 0.10) x 107",
BR (Ki, — 7’vr) = (0.34 £0.06) x 10~ '°.

A. J. Burjas et al, , JHEP11, 033 (2015)

Grossman-Nir bound BR (KL _ woﬁu) < 4.4 % BR (K+ N 7T+vy) ,

(isospin & lifetime)
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*except to reconstruct position of incidence of gammas on ECAL surface.



rec. ° Pt [GeV/c

KOTO

hermetic C and y vetoes
large rec Pr

decay region rec Zvtx
pencil beam — assumes (x,y)=(0,0)

No 3-momentum is directly measured®

I calorimeter
] photon veto

charged veto

|
|

P

K, 5 gt |NIEIE

o
450
400
350
300
250
200
150
100

S0

I |D"
=i ”:DDD v

,‘I:'“ .]\
(’ll\” l f‘* ’ I‘
.’[1’ .
Pl -
. P,
* 2 - daici
____ Csl Calonn
- - 1 107
ignal box |
K, —x%wMC Sg d bo i

000 2000 3000 4000 5000 6000 7000

rec. z,,, [mm]

| 7 KLpiOpi0 <0.18
¢ KLpi+pi-pi0 <0.02
- ! KL3pi0
— , -5 (overlapped <0.04
e Q. pulse)
| f& L/ 7 —4  Ke3 (overlapped
. :ah Pt = “: pulse) <0.09
--ﬁ 0] B KL2gamma 0.00  0.00
"é,_y ‘ Upstream 11° 0.00%0.01
R = ’ 0.02
. Hadron cluster +0.00
CV-pi0 <0.10
Pl PP | BT BT | PP R
0 +
2000 3000 4000 5000 6000 ~ = o
. C i 0020, >
PiORecZ 2

1 event attributed to overlapped pulse bkg,
3 events still under study, awaiting publication

S. Shinohara for KOTO coll. @ KAONZ2019

If confirmed — 60x larger BR than in the SM

BR (K1, — n'vv) = (2.1777) x 1077

(unofficial BR)
I. Kitahara et al, PRL 124, 071801 (2020)

*except to reconstruct position of incidence of gammas on ECAL surface.
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*except to reconstruct position of incidence of gammas on ECAL surface. o



We want to revisit pair production of dark sector particles in K and B meson decays.

K,B% —I—YSM

N

SM singlets (dark states)

1) Ysm may be @ for neutral mesons (2-body) vs Yswu charged for charged mesons (3-body).

* If X1 and Xz stable, very weak bounds (BR < O(104) for Ky).

« If X2 unstable, still challenging, but may produce ©°, £1¢~, vy, ...

« Note the fB/mB suppression in 2-body B decays. Instead B — K X; X5 may
be relevant as |V,;Vis| > |ViVial.

Can pair production w/ X2 — pi0-like signatures enhance the rate for

Ky — 70Ty 2



A neutrino sanity check:

SM FCNC loops generate K; — vv , butBR - 0asm, — 0.

... but rate is much enhaced for “Type-l Seesaw” HNL

BR (K1 — vyv) = |Ura|?4.6 x 1072 for msa ~ 400 MeV
e.g., only tau-4 mixing A. Abada et al, PRD 95, 075023 (2017)

20 cm
Dominant HNL BR: 4 — V7-7TO w/ 0734 ~ U, a2
L

Once the constraints on the mixing are included:

BR ~ few x 10 -'! (not too far from SM!) and tens of meters lifetimes.

Can expect larger enhancements for 10’s of GeV-scale mediators & purely “dark” pairs.




UV completing: Oy = 9eq(57,dr) x Jh; 0%, = goms(5rdy) x Jx

Higgs portal: Real scalarsw/ £ > uH'HS5 + 115515255

In most Higgs portals models, one will automatically generate a prediction for H — inv.

I FSM 1 4
BR(Kp — 5153) =2 x 107° x h—s.8: /1% 0GeV /
0.1 i~

Vector portal: Require mixing w/ SM Z° boson (mass mixing)':
" Tﬁ EWSB 2 " : _ 9xv
LDgx X" (H MZH EEZMZXMZ , with ez = —.
myz

effective coupling to NC + dark sector

5 _ _
> —2 J2C 2"+ gx Z, (cvipay 1 + cathay 511 + hoc.)
2 cos Ow

2
BR (K1 — ¥112)p =3 x 1077 (g—X> . .. mass ratios. . .] /
F

* “dark photons” can only couple through (mZ’/mZ)? hypercharge coupling or much suppressed photon penguins.



Three distinct possibilities to fakea K; — 7

A) . production

Z-Z’ mixing for decay
(same as production)

B) dipole portal

£ = £ o P

V1 signature

B) 7T0impOSt0|’

A\Ij@ify5 \IJSQ

l

A\ .
- SQFuuFuua

£€ff - 47Tm¢

* note that “dark photons” can only couple through (mZ’/mZ)? hypercharge coupling or much suppressed photon penguins.



At KOTO, such events are reconstructed as

X1 Ki — 1 (2 — ©0), mg =180 MeV, m1 =30 MeV
X, m ! :
- l t |
K, 0.012 i promp i
0.010 - |
X1 :
= 0.008 - |
- |
0.006 -
A) 7V production 5
) P 0.004 - |
0.002 -

7 iy 0.000 - ' : .
Z-Z"mixing for decay 50 100 150 200 250 300 350 400
(same as production) 57 /MeV

Analysis assumes decay occurs along the center of the beam:
— mis-reconstruction of pT —

* note that “dark photons” can only couple through (mZ'/mZ)? hypercharge coupling or much suppressed photon penguins. 10



myz = 10 GeV, mo =300 MeV, ca =gx =1,cy =0

Heavier dark state may also

decay invisibly (BR ~ 10%) . “Belle 11| 10-3
CTg =200 m 77
10_1 e 2 —
Belle @ 90 C.L. ] DIRAC FERMIONS [
— _5 T T T T T T
BR(B — Kvp) <1.6 x 10 %5 50 75 100 125 150
Phys.Rev.D 96 (2017) 9, 091101 my /MeV

Belle-Il at full luminosity with 10% measurement of
B —> KFE

is sensitive to our hypothesis (at 10)

11



CONCLUSIONS

 Enormous progress in K,B missing energy decays.

* Hints from the KOTO? — possible violation of GN bound?

 New loophole to avoid GN: pair production of dark states
« Scalar portals typically require new (DS - SM) interactions, but possible.
« Vector portals require ONE coupling combination ~ 9X¢Z

« Achieve large pT by mis-reconstruction.
- Very testable scenario — explored predictions for B — KFE

« Many other scenarios for pair production, e.g., via K — 7TO, K7 —n mixing, etc.

Stay tuned!
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Appendix



Mediator scale >> meson masses:
integrate out vector/scalar mediator.

Osd — gsd(SL/y'“dL) x Jéb(’ OSd N ngmS(SRdL - k' SM

Dark current contains products of X4 and Xz particles,
depending purely on the dark sector.

Assumptions:

 SM-like mechanism for FCNC
 Minimal Flavour Violation ansatz

Jea(Sryudr) C GQLYUYJ%QL; g5 m(5rdr) C bDRMl]L)YUYJQL-

In practice, for some constants a and b, we have:

(0]0%IKL) o< aRe(y; ViiVia + Y2 Vi Vea), (0|05, K1) o bIm(y; Vit Via + y2 Vi Ved),
(m°|OLIKL) o< alm(y;ViiVia + Y2 Vi Vea), (72|05, K L) o< bRe(yi ViiVia + y2ViiVea).
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