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Motivation



= Searching for the dark matter candidates on colliders;

= Flavor-Changing Neutral Current (FCNC) processes of long-lived hadrons:
c—u s—d b— ds);

= In the SM, undetected neutrinos contribute to missing energy (MS);

= Experiments like Belle (Bellell), BarBar, BESIII, LHCb, etc., and future
colliders like STCF, CEPC, FCC-ee, etc., detect invisible decays via
missing energy/momentum;

» In light of recent data, the Bellell first report an anomaly of 2.8 ¢ in
BT — K*ov on August 2023.



For s — d transition,

B(K[_ — WODV)KOTO < 3.0 x 1072 at 90% C.L.
B(K. — m°ov)sm = (3.4 £0.6) x 1071

B(Kt — ntov)nace = (11.0152(stat) 4+ 0.3(syst)) x 107 at 68% C.L.
B(Kt — 7t ov)pose = (17.31]52) x 10712

B(KT — ntov)sm = (8.4 £1.0) x 1071

For ¢ — u transition,

B(DO — E)Belle < 9.4 x107°

B(DO — WOﬂV)BESHI < 2.1x107* at 90% C.L.
B(/\;’— — WI)BESIII <80x107°

B(D® — vv)sp ~ 0 (Helicity suppress)

B(D°® — 7%v)sym ~ 10717 (GIM mechanism suppress)
B(Af — piov)sm ~ 10717 (GIM mechanism suppress)



Motivation

For b — d transition, the Bellell first report an anomaly of 2.8 ¢ in Bt — KT on August
2023.

NEW
INCLUSIVEAND HADRONIC RESULTS

Inclusive tag: BF = [2.8 £ 0.5 £ 0.5] X 10°5 ’ Home-cooked comparison
Hadronic tag: BF = [1. ltg §+g 8] x 105 i — Belle 11 (362 fb!, Combined
Combined: BF = [2.4 + O.ngi] x 1073 —_O'E—_ Dt TSI gagtronic
: | —— Belle 11 (362 fby!, Inclusive)
For the inclusive tag, significance of the result ——ﬁd — ‘ e N
- wrt null hypothesis is 3.60 —e— Belle (711 fb! Svmilvpm:i(‘l oy upger
~wrt SMis 3.06 4:_._ Belle (711 b, Hadronic) limits.
. H r 8 ! ‘'ombined ) We calculate
For the hadronic tag, significance of the result T (A3 b Combined) | B o\ reeives
- wrt null hypothesis is 1.1¢ —oT— i mileptonic)
-wrt SMis 0.6¢ T | ‘ 11:.‘11«,.“« )
For the combination, significance of the result 0 2 4 6 8 10
- wrt null hypothesis is 3.6 10°x Br(B*—K " vp)
-wrt SMis 2.8¢ Overall compatibility is good y2/ndf = 4.3/4
First evidence of the BY — K'vi decay .

Figure 2: Recent report by Bellell.



Bottomed hadron with £



Experimental bounds

Table 1: The branching ratios (1) (in units of 107%) of B decays involving missing energy.

Experimental bound SM prediction Invisible particles bound
B(B* — KTE) < 16 B(B* — K*vi) = 4.73 £ 0.56 B(B* — K*xx) < 11.8
B(B* — 1% F) < 14 B(B* — n*vp) =8.124+0.01 B(B* — 7m*xx) < 5.89
B(B* — K**E) < 40 B(B* — K**vi) = 8.93 + 1.07 B(Bf — K**xx) < 32.1
B(BE — p*E) < 30 B(B* — p*vi) = 0.48 +0.18 B(B* — ptxx) < 29.7

b s(d)
92
B, > B,

a3

(a) Within the Standard Model (b) Beyond the Standard Model

Figure 3: Feynman diagrams of bottomed baryon FCNC decays with missing energy.



SM expectations

The FCNC decay processes of bottomed baryons with missing energy are described as

4G/: [0 - —
= orares 2 2 VeaVaX )G ) Fu)
{=e,u, T q=U,C,t

1%4%

The loop is calculated by Inami-Lim function

Xg+2  3(xg—2) In x
xg—1  (xg—1)2 79"

X

q
8

Xg(xq) =

where Gr represents the Fermi coupling constant, a corresponds to the fine structure
constant, 0y stands for the Weinberg angle, Vj; are the Cabibbo—Kobayashi-Maskawa
(CKM) matrix elements, and xq = m3/M§, with mq (M) being the mass of the quark

(W-boson).

The transition amplitude is given by

\ﬁGF()é

B,ov|L;,|Bp) =
< | [Bs) 47rsin29W

Vipe Vae XE (x2) (B |37 (1 — 7°) b|Bp) X Ty (1 — 7°) Vi



Baryonic amplitude

The baryonic transition matrix elements can be parameterized by the form factors (FFs) of
A (i=1,2,3), £ and °, defined by

(BA(Pr,5)I(3r )Bo(P, ) = Ty, (P 5) [ () + i T (&) + L) | e (P, ),
(B.(Pr, 5)](@10) Bu(P, ) = Ty, (Pr,5)5( ), (P, 5.
(B.(Ps 3)|(Gr*)IBo(P, ) = T, (P ) [ u() + i TA(P) + LAY 704, (Pr5),

(Bo(Pr59)|(@1°0) Bs(P.5)) = Ty, (Pr. 5 ()15t (P. ).

By integrating the three-body phase space, we obtain the decay branching ratio to be

_ 1 dq®
B(Bb — BnI/V) = m '/ ?Al/z(M q M2))\1/2(q ml, m2) /dCOSQZ ‘M|2

where \(x, y, z) = x* + y? + 22 — 2xy — 2xz — 2yz is the Kallen function.
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Figure 4: Form factors as function of ¢°




SM expectations

For the b — s transition, the decay branching ratios associated with v are as

follows:
B(Ap — Av) = 5.527538 x 107°,

B2 = =2)py) = 7.80%97L % 107°.
Here, due to the SU(3) flavor symmetry, the branching ratios of =) and =,
are considered approximately to be equal.
Similarly, for the b — d transition we have that
B(Ap — nivv) = 2.76751L x 1077,
B(Z, — ¥ v)=265752 x 107,
B(=Z) — v) = 1.241013 x 1077,
)

B(Z% — Aiv) = 3.887027 x 1078,
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Effective Lagrangian with invisible particles

Under the low energy scale, the model-independent effective Lagrangian is given by

6
Lefr = Z 8., Qi
=il

where gy are the phenomenological coupling constants. There are 6 independent
dimension-six effective operators

Q@ = (3,9)(xx), Q2 = (37°9)(xx), Q3 (3,9)(x7°x),
Q= (@7°9)0’°x), @ = (7.9 7*7°X), = (@777 9) x7*7*),

where the invisible particles of y have been assumed to be the Majorana type. Since
xv*x =0 and yo"”x = 0, there is no contribution from the vector or tensor current.

A
M M;

G2

Figure 5: Feynman diagram of bottomed meson FCNC decays with invisible particles. 11



Decay amplitude

For the 0~ — 0~ meson decays of M~ — M, xx, only operators (; 35 give the
contributions. The amplitudes of the 0~ — 0~ decays can be simplified as

(M7 XX LerlM™) = 28m1 (M7 [(3,9)[M ™) Ty vy + 28m3 (M [(G,9) M~ )Ty y° vy
+ 2gm5<Mf_ ‘(E/ﬁuq”Mi)Dx'Y#VSVX,

For the 0 — 17 meson decays of M~ — M;™ xx only operators @456 give the
contributions. The amplitudes of the 0~ — 1~ decays can be simplified as

(M= XX|LedM™) = 28ma (M5~ 1(@7° )| M~ )Ty vy + 28ma (M7~ |(3,7° @) M) Ty > vy
+ 28ms (M5~ |(G 71 9) M7 ) Ty Y™ vy, + 28me (M5~ (G717 ) IM ™) Tn vy vy

For baryonic decay, all operators should be considered. The decay amplitude can be
expressed as

(BaxX|LerrBb) = 28m1 (Bl (G,9)Bb) Uy vy + 28m2 (Bl (3,7°9)|Bb) Ty vy
+ 28m3 (Bl (3,9)[Bb) Ty vy + 28ma(Bnl(3,7°9)|Br) Ty v
a5

+ 28m5 (Bl (37.9)|Bb) 1y 77" vy + 28m6 (Bnl(G7,7° 9)Bo) Ty ¥y vy
12



Mesonic form factors

The hadronic transition matrix elements can be expressed as

M7 @am) = LM 2y
mgqg

9

(M7 @M = (P+ PO ) + (P PO, M () — 1),

(M7 (@0, @) M) = i[Pu(P — Py, — Pu(P— Pp),] ﬁfr(tf),

and
(M 1(@A° M) = —ile - (P= PA) —22—ao(c?),
q q,
E° (P— Pf)

A 2
MM, 2(q7)

(M |G a) M) = f{eu(M+ M)A (@) — (P+ Py,
(P Piule- (P— Pf)] e ag( ) - Ao(q2>J}7

(Mg 1@ a)IM™) = epvpoe” PP(P— Pp)?

where f; (j=0,+, T), Ax (k=0 — 3) and V are the FFs, which are evaluated from the method of the
0123 _ 1.

LCSR, and € is the polarization vector of the final meson with the convention of &

13



Coupling constants

In our calculation, we assume that only one operator contributes to the process at a time
The upper limits of the coupling constants g,,; can be obtained from Table 1, given by

-

o N o AT 5

BM = MY E) ey — BIM = MI5)sy > B(M — M yx) o, = |ng
B

)

The upper limits of |gmi|® on (bsxx) and (bdxx) vertices are shown as functions of m, in
Fig. 6 with m, is the mass of x.

104
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— lgml A
£ 1000F 2 < 1000
% 1gm2| ‘%
o} O 100
° °
‘ ‘
3 2 10
0 =]
045 05 1.0 15 2.0 25 045 0.5 1.0 15 2.0 25
m,, (GeV)

my (GeV)

(a) (bsxx) vertex (b) (bdxx) vertex

Figure 6: Upper limits of |gmi|? as functions of m, "



Partial width
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Figure 7: F,‘J‘ as functions of m,, where the shadows represent the errors estimated by varying the bag
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Prediction of the branching ratios
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Figure 8: The upper limits of the BR as function of m,, in bottomed baryon FCNC decays
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Branching ratios

Table 2: Upper limits of B(B, — Bnxx) when my, — 0 GeV (in units of 1075)

Operator A, — Axx Eg(f) —==)xx Ab—=nxx S, 2T xx =0 X0%x =2 — Axx

Q 0.38 0.52 0.19 0.20 0.092 0.029
Q 1.1 1.4 1.0 0.95 0.45 0.14
Qs 0.38 0.52 0.19 0.20 0.092 0.029
Qi 1.1 1.4 1.0 0.95 0.45 0.14
Qs 0.28 0.27 0.19 0.13 0.060 0.019
Qs 2.0 2.7 1.8 1.9 0.91 0.27
SM A=Ay =X 5200y Ap— v S, 5T v =93 =0 Aow

0.55 0.78 0.028 0.027 0.012 0.0039

17



Charmed hadron with £




Predictions of the stand model

Before dealing with the SM case, we consider the more general, effective couplings of invisible spin-1/2
Dirac fermion fields £ and £’ to vector and axialvector ¢ — u currents described by

Lesr = —TyHc f’m (C‘flf’ + ’YSC?f’)fl - HV“VSCf’YN (agf’ + VsafAf’)f/ 5
~V., A

where the constants C};* and ;) may be complex. It will induce D° — v££', D — P£', V£¥', and
A; — pfE’ if kinematically allowed. We then arrive at the (differential) rates

AV2(m2, m2, m3,) .. o B o
Corep = D T T (e 2, — )2 [ (i — 72)72 ],
7TmD0
dl po_ ez a, >\//2( 3)3 ’ o
ol Zecer ] mD-’;v [(1ck PRy + |60 P2 ) (33 — 31 )5-

+ (Icte 2Ry + I3 22 ) (38 = 5205 |

Ao per  ANZ XL o S P
Do _ = {[\cﬁ,| (35— 3,) _+\c§f,\2(3g—s_)s+pri
2

ds 3(87Tm]1]>3‘)3 .
+3(Icke P2 3, + Ik PR 5. ) Fndn? |,

18



Predictions of the standard model

$3/2 71/2 "

dlpvez’ 4>‘J?W Aty az v ] BV

= Cesr (35— - Cee |7(35—s_)st | —5

il s R | ARG R MU C R B
Aml (1 6m3s ovA3 - mymo AA

6m? \2 = Xpy 1282 m? om3 ?

Bk [2(38 — B4 )5- + (G4 (38 — 52 )34

(‘Cff’| [ (e )A(ZJ}’

+

VN B S Vi o o . .

fdgp = 3(87rm f;)3 {[\C¥f/\2(3s—s+) ,+|Cf“f/\2(3s—s,)s+] (2A 5+ AM3)6_
+3(Icke P23, + |Gl PR S )0, A2

+ (1650 P38 - 5 )5 + (61 P(38 - 505 | (228 + & M2 ),

+3(

i PI2E, + 18 PR S o g |,

where
hy = me £ my, m, = mpy=Exmp, My =my £m,,
m, = my £ my, 5L =ML —3.

~ L 2
Sp =S5— My
19



Predictions of the standard model

In the SM, the FCNC decays with neutrinos arising from loop diagrams by the effective Hamiltonian

—t— 5\5r re) wY'"P,cv,y, P v,
ﬁwsin2ewg:§,7 q:%:sybq (rq, re) Uy P, ¢V LVe

WM A G

c—uvv T

where rr = m?/m?, and with the loop function

x(4—y)? yIny  x(4—x)? xlnx 4—2x+x° 4 4 2x+ 5y — 2xy
xlnx— ———————=x.

8(1l—y)? x—y 8(1—x?y—x 8(1 — x)? 8(1—x)(1—y)

Accordingly, with £ = £ = vy and ms = mgy = 0,

D(x,y) =

o GpAgD(rg, 1)

Cipr = —Cop = *Cgf/ = C?f’ = Sy a2 sint Oy .
We obtained

B(D° — vp) =0, B(D® = yvp) = 1.8 x 10719,

B(D® — 7°vp) = 2.5 x 1077, B(D* — p%vp) = 1.1 x 1077,

B(D" — ntvp) = 1.3 x 1071 B(DY — pTvp) = 5.9 x 107,

B(Dy — KTvi) = 4.5 x 10717 B(Dy — K*twp) = 3.3 x 10717,

B(AS — pri) = 7.3 x 10717 BEf - Xwp) = 1.1x 1071,

B(E2 - ¥%p) = 1.8 x 107, B(Z2 — Avp) = 6.5 x 10718,

20



Prediction of invisible fermions

The allowed |Kyy | range for each (my, my/) pair is below the lowest curve.

| = from D%~ NN' bound
= from D% 2°NN' bound
5x 10_8 r mfrom A;-pNN' bound

0.0 0.5 1.0 15 2.0

My+My (Gev)

Figure 9: The upper limits on |Kuy | versus my + my, with N = N> and N’ = Ny, implied by the

D° — NN’ (blue), D° — 7NN’ (purple), and A — pNN’ (red) bounds for my /my = 0.001 (dotted
curves), 0.1 (dash-dotted curves), 0.5 (dashed curves), 1 (solid curves). The horizontal brown dashed line
marks |Kyw| < 1.1 TeV—2 inferred from collider and perturbativity restrictions.
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ble singlet fermions

The leptoquark S; transforms as (3,1, —2/3) under the SM gauge groups SU(3)color X SU(2); x U(1)y.
We write the Lagrangian for the renormalizable interaction of 31 with Ny 23 and the quarks as

L, = ?j,Z/IT-CPRN, S, + He.,
where ¥j; are generally complex elements of the LQ Yukawa matrix ¥, U123 = (u, ¢, t).
The effective Lagrangian for ¢ — uNN’
Lo = —Ty ey, (Cle + 15Che )£ — D" 5y, (B + 9820 ) £

with the coefficients being given by

e
CV _ CA _ 6\7 _ aA _ _Yle2/
NN, TTORNN, TN, T RN, T g2

S

To evade the stringent restrictions from DP-D° mixing, we choose one of the simplest examples,

0 ¥, O
Y= ycl 0 0 )
0 0 O
in which case only ¢ — uN,N; can occur with
Y
vV o _ A xV A YpY¥a _
Com = Cowy = Gy = Cww, = =75 5~ = K, 22



Prediction of invisible fermions

105 {1 o001 J 0,001
&

Ea0® 1 E 10 £10
2 z gz
Z 107 1 £ w0 i 10°®
2 10 1 g 105} bT” 10°
5] _gf m from D°- NN bound ] | = from D°- NN bound & 7| ™ from D°>NN' bound

107"F w from D 2NN bound 1 107"F w from D% 2NN bound 107F w from D% 2NN’ bound

ol " from A¢—pNN' bound 5 m from A{—pNN' bound 8 ol " from AZ—pNN' bound g
10700 05 10 15 0 05 10 15 00 05 10 15
M+ (Gev) my+My (Gev) M+ (Gev)
0.001 4 o001 0.001
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Ea0 1 Eao £ 10
Z z z
2 10° {1 Z 10° £ 105
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d 10 {1 w0t [, 10®
) a a)
Q - from D% NN' bound Q | = from D°- NN bound § 7| " fom D~ NN' bound

107"F W from D% 2°NN bound 1 107"F w from D% 2NN bound 107w from D% 2NN bound

g fom Af—pNN' bound | = from Az pNN bound & | from Ao bowd )
00 05 10 15 %0 05 10 15 00 05 10 15
My+My (Gev) M+My (Gev) M+ (Gev)

Figure 10: Maximal branching fractions of D° — (v, p®)NN/, Dt — (7 +, p™)NI, and
Df — (K*, K**)NN’ translated from the |Kuy |max values in Fig.9 inferred from the D° — NN’ (blue),
D° — wONN’ (purple), and A — pNN’ (red) bounds.
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Prediction of invisible fermions
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Figure 11: The same as Fig. 9 but for =% — S ONF and =0 — ANK'.
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Prediction of invisible fermions

Table 3: The upper limits on the branching fractions, in units of 10~°, of various charmed-hadron decays
induced by the ¢ — uNN’ interactions and evaluated with the lowest |Kyy |max for my = my =0 and
my = 0.1 my = 0.05 GeV if the A} — pNN’ bound is absent and, in brackets, if it is included and the

strongest.

Decay modes my = my =20 my = 0.1 my = 0.05 GeV
D° — NN - 9.4 [Input]
D° — NN’ 0.15 (0.020) 0.021

D° — 7ONW 21 [Input] (2.8) 31

Dt — m NN 107 (14) 16

Df — K*NI 38 (4.9) 4.9
D — pONN’ 9.6 (1.3) 0.68

Dt — ptNN 49 (6.4) 35

Df — K* NN 27 (3.6) 1.9
N — pNN 61 (8.0[Input]) 7.2

=5 — TNV 91 (12) 5.4

=0 — s OnW 15 (2.0) 0.91
=0 — AN 5.5 (0.71) 0.34

25



Effective Lagrangian with invisible scalars

The leading-order low-energy effective |AC| =1 operators containing invisible bosons are

Lss = — (kg T.C+ Kag Tyu5€)i(STO"S' — 08TS") — (ki Tc + Ky Tysc)meSTS’ + Hec.,
c -8 c K Lo S
Do D : - D° : :
] el & i g
(a) Fully invisible decay (b) Semi-invisible radiative decay
@ - U ¢ = u
D P,V A ; P
7 d
(c) Semi-invisible mesonic decay (d) Semi-invisible baryonic decay

Figure 12: Diagrams of FCNC charmed-hadron decays with two invisible light spin-0 bosons.
26



(a) Fully invisible decay

The amplitude for the invisible channel D° — SS’ can be expressed as
Mpo_sy = Ky (0]t 75¢|D°) (k — k'), + kggr me (0[Tysc] D°),
with the mesonic matrix elements
([t y5¢lD°) = —ifp plpo (0[5l D%) =
There are no contributions of kg and kY because (0|ty*c|D%) = (0[uc|D°) = 0.
Neglecting m, compared to m. then leads to
Mpo_sg = i[rs (Mg — m3) + kgg M| fp.

Al/z(szo,mg,mg/)

167Tm%)0 ‘K/SS/ (mg, - mg) + K/gs/ m2D0|2f2D7

rD0~>S§' =
which contains the Kallén function
Mxy,2) = X+ Y+ 2 —2(xy+ xz+ yz).

Evidently, D° — SS’ can in general probe kg and Kgg, which accompany the parity-odd
quark bilinears in Lsg/, but the sensitivity to kgg will be lost if mg = ms. 27



(b) Semi-invisible radiative decay

The amplitude for D° — 4SS’ is

Mpo_yrs5 = kg (Y[TVuC] DO>(k — XYW + kge (YT s D0>(k —X%),,
where k(') designates the momentum of () and

eF\/ ieFA

— O\ _ ¢ m /] — 0\ _ * * L
(Y[tyuclD°) = iy 14610 €5 Po Py (7[ty*y5c| D°) = @(pypm e —eX-p ph),

Since (v|uc|D®) = (y[tysc|D°) = 0, there are no kg terms.

Evaluating the absolute square of the amplitude times the three-body phase space yields the
differential rate

erO —~SS/ _ (&N )‘3/2 (gv mga mg’) (m2 o §)3 (‘Iiv
ds 3842 m3, 8 o 5

*Fy + ks *Fa)

which is to be integrated over (ms + mg/)?> <5< m?,. Thus, the invisible scalars’ mass
range covered by this mode is 0 < ms + mg < mpo, the same as that in the D° — S§’
case.

28



(c) Semi-invisible mesonic decays

Initial mesons D = D°, DT, DY, and the final mesons P = 7% 7+, KT or V = p0 pT K**.
The amplitudes are

Mp sy = kg (PlIy" D) (k — k'), + Kgg m. (P[TcD)

Mbvss = kigs (V[T cD)(k — ¥)* + gy (V[T v5cD) (k — K'),u + Kisg m (V[TysclD)

which involve the momentum k() of S() and the mesonic matrix elements
2 2

mg, — mg my — m
(Pluy*dD) = (ph + pb) e + (P — Pb) (o — fr) 25—,  (PlugD) = 2—Ff,
dpp Mme —my
_ 2V B n 0
<V|U’Y,U‘C|]D)> = mﬁﬂﬁng EV pg/plD)ﬂ
— } N L + JL Mmoo .
(V[ qseD) = i(mp + my)ey™ Ay — P - Py Ay + 7 pV(A3 — Ao)2my | ie - pp
mp + my Ay
— *ZiAo my
(V[TyscD) et m, oV Po

where f, and fy [V, Ao, A1, and A] are form factors.
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(c) Semi-invisible mesonic decays

Accordingly, from the absolute squares of the amplitudes, we arrive at

$1/251/2
dr]D) —Ps§’ 2)‘]]){? )‘sé’

2y mﬂa%] |

1 ;
{ |k | /\]D)]P/\ss’ + |f<¢§s,(m2 mS,) + Kgg/S

s (8wmp3)3
Moovss  AL233/2 A2 12 m23 A2
dpvssy _ Apv s "fssz| 14 TEMys AT 1 2(5— Bpdi)A A2+>\1DJV
dg (87Tm]]])5)3 6 mV )\DV m+
2A2 R 4|k |25V2
= |/@§S, (mg, = mg) + Kgg 3 2y % )
ss’ 3m

to be integrated over (ms+ mg/)? < 3= (k+k')? < (mp — mpy)?, respectively, with

3 PR
Ay = A(mg, mg, 3) m, = mp+my.

D — PSS’ can probe not only kg, but also g, which is inaccessible to D° — SS’, 4SS’ as

well as to D — VSS’. However, the latter is sensitive to the other three parameters, HS; =
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(d) Semi-invisible baryonic decays

Of interest here are A} — pSS’ and =50 — £+988' plus =% — ASS/,
Mag s = s (P ANE) 6 — K + sl (TP AN — ),
+ Kiss m (plUC|AL) + kgs me (plTysclAL)
where k() is again the momentum of S().

The baryonic matrix elements are expressible as

_ _ M_A,_ﬁ’u — M_aﬂ M+M qM M+ F+ _/C\]u

HATY = o be —————|F, + [P Foolp
(play*cN\T) p{ [7 Mi—az 1 %% —El P 0 (Un.
_ _ M_p' — M. g" R M+M "l M_Gy M g
Uy ysdAY) = @ by ——— (G, — |p¥— ——G Up .

(plTy* 5 clAS) p{[v T L Wz g o5t
M_Fy M G
— + o = — —+ _ -+ 0 —
(pluclhd) = e — my Zetne (pliysclAS) = e+ my G5t

where up, and up,_ designate the Dirac spinors of the baryons, F| | o and G| 4 o symbolize
form factors which depend on 5= §?,

Mj::m/\cimpy ﬁ:p/\c+ppa a:P/\C*Pp-
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(d) Semi-invisible baryonic decays

After averaging (summing) the absolute square of the amplitude over the initial (final)

baryon polarizations and multiplying by the three-body phase space, we find the differential
rate

Maros 20 Nl

SS/ , ~ ~ ~
e 3(8mA e {[Imgs P (2F2 8+ F2M2)6_ + |igy [2(263 5+ 6302 )5, | Ao

A a2 @2
o, M- Fj

+ 3|kle (M3 — md) + ki 8|2

A (2 2 P .
+ 3!555, (ms/ = ms) + KggrS

A nwd B
o_ M, Gy

where 6, =M3 — 3. It is to be integrated over (mgs+ mg/)? <3< (mp, — m,)>.
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Numerical results for decays induced by ¢ — uSS’
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Figure 13: The upper limits on |k, | (top left), |kgs | (top right), |kgg | (bottom left), and |kgg | (bottom

right) versus ms + mg obtained from the D° — SS’ (blue), D° — 7%SS’ (purple), and A} — pSS’ (red)

. . . . V,A,S,P - .
limits for various mg /ms values if only one of k. is nonzero at a time.
ss
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Prediction of invisible scalars
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Figure 14: The maximal branching fraction of D° — SS’ due to |k |max (l€ft) or [Kdg |mayx (right)

alone for various mg /ms choices.
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Prediction of invisible scalars
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Figure 15: The maximal branching fractions of D™ — 7+S§’ (left column) and Df — K*S§' (right

column) due to |kgg [ max (tOP row) or kg |1nay (bottom row) alone for different ms//mg values.
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Prediction of invisible scalars
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Figure 16: The maximal branching fractions of D° — p°SS’ and D} — K**SS’ due to |kl |max OF

alone. The Dt — pTSS’ curves, not displayed, are approximately

‘KSS"max (mlddle I'OW) or |K’§S"max

27p+ /T ~ 5 times their D° — p°SS’ counterparts.
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Prediction of invisible scalars
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Figure 17: The maximal branching fractions of =0 — 3°SS’ due to |kYq or |Kkiy or |k, or
G SS/ Imax SS’ Imax SS’ Imax
|#5g lmax alone. The =F — ¥ *SS’ curves, not shown, are approximately 27=:/7=0 ~ 6 times their

=0 5 5035 counterparts.
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Prediction of invisible scalars
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Figure 18: The maximal branching fractions of =2 — ASS’ due to |kl |max OF |K3s: |max OF [Kis [max OF

|Kgsr Imax alone. 38



Prediction of invisible scalars

Table 4: The upper limits on branching fractions, in units of 107>, of various charmed-hadron decays
induced by the ¢ — uSS’ operators for mgs = ms = 0 if the AY — pSS’ bound is absent and, in brackets,

if it is taken into account and the stronger. Only one of the coefficients ryg*" of the operators is taken to

be nonzero at a time. A dash entry under x§;, # 0 means that kg5 does not affect the decay.

Decay modes Keg # 0 Kgg # 0 Keg # 0 Kggr 7# 0
D° — 8§’ - - - 9.4 [Input]
D° — 4S8 0.14 (0.050) (0.0026) g -

D° — n0ss’ 21 [Input] (7.5) - 21 [Input] (11) -

Dt — wts§’ 107 (38) - 107 (55) =

D} — Ktss' 38 (13) - 36 (19) -
D° — p°s§’ 0.74 (0.26) (1.8) g 0.081

Dt — p*s§’ 3.8 (1.4) (9-4) - 0.42

Df — K*+s§ 2.0 (0.71) (5.3) - 0.21
A& — ps§’ 23 (8.0 [Input]) (8.0 [Input]) 15 (8.0 [Input]) 0.29

=f - £ts¥ 49 (17) (8.7) 25 (13) 0.44
=0 5 yO0s§ 8.3 (2.9) (1.5) 42 (22) 0.075
=0 5 AS§ 2.9 (1.0) (0.52) 1.4 (0.74) 0.028
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Prediction of invisible scalars

Table 5: The same as Table | but for mgy = 0.1 ms = 0.05 GeV

Decay modes Kgg 7 0 Kgg # 0 Kgg # 0 Kge # 0
D — s§’ - 9.4 [Input] (3.5) - 9.4 [Input]
D° — 88’ 0.14 (0.063) 0.0081 (0.0030) = =
D° — 70s§ 21 [Input] (9.3) - 21 [Input] (13) -

Dt — nts§’ 107 (47) - 107 (68) -
D} — Ktss' 34 (15) - 32 (20) -

D° — pOs§’ 0.23 (0.10) 2.9 (1.1) - 0.024
Dt — pts§’ 1.2 (0.55) 15 (5.6) - 0.12
Df — K*+8§/ 0.62 (0.27) 8.1 (3.0) - 0.060
NE — ps§’ 18 (8.0 [Input]) 22 (8.0 [Input]) 13 (8.0 [Input]) 0.14
= - T+s¥ 22 (9.9) 13 (4.7) 10 (6.5) 0.12
=0 — ¥0s¥ 3.8 (1.7) 2.2 (0.80) 1.7 (1.1) 0.020
=0 — AsS’ 1.4 (0.61) 0.82 (0.30) 0.61 (0.39) 0.0078

40



Conclusion




A window to detect new physics: highly suppressed SM background.
Fully invisible decay; Semi-invisible radiative decay; Semi-invisible mesonic
(bartonic) decay.

= Light invisible scalars and singlet fermions.

= The bounds of the coupling constants are extracted from very recent data.
Based on these bounds, we predict the upper limits of other channels.

= Many of the predictions we have made [1, 2, 3, 4, 5, 6] are expected
testable by the near-future collider experiments.
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