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FCNC hadron

Motivation
et particles in
P Flavor-changing neutral current (FCNC) processes of long-lived particles provide a window to light of recent data
observe new physics (NP) beyond the standard model (SM). Dr. Geng Li

¢ — u,s — d, and b — d(s) transitions.

Motivation

P Experiments have given the constraints on hadronic FCNC decays with missing energy (f).
B(K, — m°ov)koro < 3.0 x 1077 at 90% C.L.
B(K, — m’0v)sm = (3.4 £ 0.6) x 107"
B(KT — 77 v)nace = (11.075 % (stat) & 0.3(syst)) x 107" at 68% C.L.
B(K+ — T I/l/)Eg49 = (17 3+1(1)§) 1071
B(K*T — 77 ov)su = (8.4 4+ 1.0) x 107"

P> In the SM, strongly suppressed by the Glashow-Iliopoulos-Maiani (GIM) mechanism.
B(D® — 7°ov) ~ 10717

P> In light of recent data, specifically D° — £ by Belle and D° — 7°£ and AT — p £ by BESIIL
Belle announced B(D" — invisibles) < 9.4 x 107°; BESIII reported B(D° — 7°v) < 2.1 x
107* and B(AF — py') < 8.0 x 1075, all at 90% C. L.

P> More distant in the future, searches with greater levels of sensitivity would presumably be feasible
at the proposed super tau-charm factory (STCF), Circular Electron Positron Collider (CEPC), and
Future Circular Collider (FCC), etc.




NEW

light of recent data

INCLUSIVE AND HADRONIC RESULTS o

Motivation

Inclusive tag: BF = [2.8 + 0.5 +£0.5] x 107° o7 g\l Svorage Home-cooked comparison
Hadronic tag: BF = [1. ltg g+8 8] x 1073 | —e— Belle I (362 i1, Combined)
g o Belle L
Combined: BF = [2.4 £ 0.5703] x 1073 ; i
—0. o —— Belle T
! Belle
) 3elle
For the inclusive tag, significance of the result _‘_O—: Bl TG eBelle reports
- wrt null hypothesis is 3.6¢ A Belle %J};L,ﬁm'l‘P“""‘) only upger
- wrt SMiis 3.06 P e Belle (7L by Hadvonic]” | limits.
: 1 y We calculate
For the hadronic tag, significance of the result T bt x"!(rfnlsnﬂjl Combined) | B Gurselves
- wrt null hypothesis is 1.16 —oT Babar (418 fiy, Semileptonic)
. : _o_l Babar (429 fh !, Hadronic)
-wrt SMis 0.60 ] "R ) i pw s’
For the combination, significance of the result 0 2 4 6 8 10
- wrt null hypothesis is 3.6¢ 10° x Br(BT—K t i)
-wrt SMis 2.8 Overall compatibility is good y2/ndf = 4.3/4
First evidence of the Bt — K*vi decay .

Figure 2: Recent data from Belle IT




Effective Lagrangian

The leading-order low-energy effective |AC|= 1 operators containing invisible bosons are expressible
Lss = —(ksgtyuc + ngs,mﬂ«/sc)i(sfa“s/ - 8“8"'3') — (Kssrtic + KSg wysc)me S's’ + He.,

where K¢/, X = v, a, s, p, are in general complex coefficients.
SS 5 &l g

Dl’) : DO

(b) Semi-invisible radiative decay

S /'/87’

@ u \ c ’ U /
D P,V AF u »
) ¢\

(d) Semi-invisible baryonic decay

=

(c) Semi-invisible mesonic decay

Figure 3: Diagrams of FCNC charmed-hadron decays with two invisible light spin-0 bosons.
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(a) Fully invisible decay

The amplitude for the invisible channel D’ — SS’ can be expressed as
Mpr_ss = s (0[ay"75¢lD°) (k = K')u + b, me (Ofuysc|D°)
with the mesonic matrix elements
)
- . _ ifpm
<0‘"’Y”’YSC‘DO> = —lfDPgo > <0|”750|D0> = ﬁ >

where f;, stands for the D° decay constant and py (my) is the momentum (mass) of X. There are no
contributions of k% and kY because (0[@y*c|D®) = (0|zc|D°) = 0.
Neglecting m, compared to m, then leads to

. 2 2 2
MD°—>S§' = l[ligs/ (mS/ — ms) ar IigS/mDo}fD 5
From this follows the rate

1/2(,2 2 2
A (mDU,ms,mS/

— ) a 2 2 p 2 |2
Tpo_gg = 3 |’iSS/ (ms/ — ms) aF Kss'mD°| fé s
L6mmy,

which contains the Kallén function

Ax,p,2) = X +y* + 22 —2(xy + xz + yz) .

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

V.
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(b) Semi-invisible radiative decay
The amplitude for D° — ~SS/ is

Mpr_yyss = s (7E7ue|D”) (k = K')* + wsr (vl yselD”) (k = K,
where k) designates the momentum of S and

ieFA
mpo

el

- V * 0 — * *
<7|MVMC|DO> = FOENCWQ 55 pgop'y ) <7|WYH7SC|DO> = (p"/ ‘Ppo 5: — &y 'pD‘)pl“j) 5
D

Since (y[iic|D") = (v|@ysc|D) = 0, there are no kgl terms.
Evaluating the absolute square of the amplitude times the three-body phase space yields the
differential rate

dlpo g3 « )\3/2(§ m% mé,) 2 3 2 2
dg”‘/ — e 3847r2’m5 0’32 (mDO = S) (|f{,§s/| F%/ == |Iigs/| F,Qq) 5
D

which is to be integrated over (ms + ms/)2 < § < m,z)o. Thus, the invisible scalars’ mass range
covered by this mode is 0 < mgs + ms/ < mpo, the same as that in the D — SS/ case.

V.
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(c) Semi-invisible mesonic decays

Initial mesons D = D°, D, D}, and the final mesons P = 7%, 77, K" or V = p°, p™, K* .

The amplitudes are
Mp_psy = kss (Plany' D) (k — k'), + ks me (Pluc|D) ,
Mpysy = hsy (V[ayueD) (k — k)" + k5sr (V]ay"vse|D) (k — k'), + K5, me (V]ayse|D)

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

2 2 2 2
_ mm — m _ mp —m
(Blay“elD) = (o + p4)fs + (o6 =) (6 —F) "™ (BlECID) = T2,
D]P (4 u
_ 2V * 6
(V]syuclD) = praar—TCU 5Py b,
T T
B . " + = o
(V[ay"ysc|D) = i(mp + my)el* 4, — Z]g +pmz,A2 +p1])q2 Py (43 — Ao)2my |iey - pp ,
DV
_ —ZiAo my
Vi[gyse|D) = — 220"V v
(VimselD) = —2A0M oy,

where /. and f; [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
dl'p _pss/ 2)‘ : )‘Sé’
ds (87TmD§)3

5l oS+ [k (0 = i)+ w3~ )’

2B/ a
dl'y yssr Aby )‘sé/ |"€ssf|2
ds "~ (8mmps)? | 6mi

12 . A
(1 + mws)/ﬁ M+ 2(8 — mym_)d 4, + =,
A m
243 2 .

DV
vV 124712
2 2 Alkgy |8V
= |I€SS/ mgr — ms) + /‘igs/ S| + . <2 (>
Ss’ 3mi

to be integrated over (ms + mg)> < § = (k+k')*> < (mp — mpyv)?, respectively, with
S\Xyz)\(mgg,m%(7§)7 ﬁ"li :mD:th.

D — PSS’ can probe not only kY, but also x5/, which is inaccessible to D — SS’, vSS’ as well as
v.p,a

to D — VSS’. However, the latter is sensitive to the other three parameters, Kggr

FCNC hadron
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(d) Semi-invisible baryonic decays

Of interest here are A — pSS’ and =50 — 2SS’ plus Z2 — ASS’,

= rsy (Pl el AD) (k = K)y + wser (play" yse| ALY (k = K)u
+ r3s m (plic|A) + KBy me (pluysclAT),

MA?’ —pSS/

where k) is again the momentum of S) and the baryonic matrix elements are expressible as

M pt —M_g" M M_g"'| ML F M_g"
— A+ — 7 no_ +P -9 F, + T +M_g il —qF
blwrels) = m{ |+ ML ML Jpy ¢ [pr - M| e Py Ml L
M_pt — M g" M M_g" | M_ G M_g*
— K +\ = © 14 +9 ALl s q il +4
(play"ysclAS) = up{[v t—rF—a 7 }GJ_ - {p -2 }M{—@Z - Go}%u
_ M_Fy _ My Gy _
+ + + MO
@‘MC‘AC > = Me — My upuA(‘ ) <p‘u’YSClAc > = e + my up’YSuAc P

where u, and u,, designate the Dirac spinors of the baryons, F1 1 o and G 4 o symbolize form
factors which depend on § = ¢,

Mi:m[\cimllv f):pAc+pp7 q: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

U 2020
A7 / » S8 . . . = 1%
d;pss = 3(87”’;1\ BE { [|m§s, *(2F%8 + FAME )6 + ki [ (2G5 + GiMz,)aJr} Ass/

= 3}/4%51 (mé — mg;) = K/SSS/S'|2 &+ MZ_ F%
+ 3|ksy (mé/ — mé) + ngsﬁ‘z 6_ ML G(Z)} ,

where 6, = M4 — 5. Itis to be integrated over (ms + mg/)> < § < (ma, — m,)>.
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Numerical results for decays induce ¢ — uSS’

0.001 0.001 g
— mg=ms i ms=0.99ms
rrrrr ms=0.5m
& 107 m§*0 lmg i Dr. Geng Li
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Figure 4: The upper limits on |, | (top left), [<g | (top right), | g | (bottom left), and | kg, | (bottom right) versus ms +ms
obtained from the D° — SS’ (blue), D° — 7SS’ (purple), and Ajr — pSS’ (red) limits for various ms /ms values if only
one of n;’sa}s’p is nonzero at a time.
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Figure 5: The maximal branching fraction of D’ — SS’ due to |K¥g |y (1eft) OF | K [ oy (right) alone for various mg/ /ms
choices.
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Figure 6: The maximal branching fractions of D™ —  77SS’ (left column) and D" —  KTSS’ (right column) due to
| K35/ |max (tOP TOW) OF |Kgg/ | 1oy (bOttom row) alone for different mg /ms values.
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Figure 7: The maximal branching fractions of D° — p°SS’ and D" — K" 7SS’ due t0 |Kgg/ | inax OF |KSs/ [may (middle row)
= . . . . 3
or \n‘s’s/ | max alone. The Dt — ptSS’ curves, not displayed, are approximately 277+ /T ~ 5 times their D — poss’
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Figure 8: The maximal branching fractions of Z0 — XSS’ due to |£¥g |max OF |55/ |max OF [K&s [max OF |43/ [ max alone. The

EF — 27SS’ curves, not shown, are approximately 27=+ /T=0 ~ 6 times their 22 — %°SS’ counterparts.
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Prediction of invisible scalars

Table 1: The upper limits on branching fractions, in units of 10>, of various charmed-hadron decays induced by the

¢ — uSS’ operators for mg:

= mg = 0ifthe A:r — pSg' bound is absent and, in brackets, if it is taken into account and

the stronger. Only one of the coefficients n;’sa,’s’p of the operators is taken to be nonzero at a time. A dash entry under rg5 7# 0
means that rgg, does not affect the decay.

Decay modes Kggr # 0 Kas # 0 Ksg 7# 0 Kggr # 0
D’ — S’ = = = 9.4 [Input]
D® — ~SS’ 0.14 (0.050) (0.0026) - -

D° — 7SS’ 21 [Input] (7.5) - 21 [Input] (11) =

Dt — o tSs¥ 107 (38) - 107 (55) -

Df — KtsS’ 38 (13) = 36 (19) =

D° — p°sS’ 0.74 (0.26) (1.8) = 0.081

DT — ptSY 3.8 (1.4) 9.4) - 0.42

D} — K*TsS’ 2.0 (0.71) (5.3) = 0.21

A — pSY 23 (8.0 [Input]) (8.0 [Input]) 15 (8.0 [Input]) 0.29

=F - »tss 49 (17) (8.7) 25 (13) 0.44

22 — n's¢ 8.3 (2.9) (1.5) 42 (22) 0.075
=22 — ASS 2.9 (1.0 (0.52) 1.4 (0.74) 0.028
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Prediction of invisible scalars

Table 2: The same as Table I but for mgs = 0.1 ms = 0.05 GeV.

Decay modes Kgyr # 0 kg # 0 Ksgr 7 0 Kegr 7 0
D’ — SS’ - 9.4 [Iput] (3.5) - 9.4 [Tnput]
D’ — ~SS’ 0.14 (0.063) 0.0081 (0.0030) - -

D° — 7SS’ 21 [Input] (9.3) - 21 [Input] (13) =

Dt — 7SS 107 (47) = 107 (68) =

D} — KTSS’ 34 (15) = 32 (20) =
D° — p°Ss’ 0.23 (0.10) 2.9 (1.1) = 0.024

DT — ptS¥ 1.2 (0.55) 15 (5.6) = 0.12

D} — K*TSsS’ 0.62 (0.27) 8.1 (3.0) - 0.060
A} — pSS 18 (8.0 [Input]) 22 (8.0 [Input]) 13 (8.0 [Input]) 0.14

= - =Tss 22 (9.9) 13 (4.7) 10 (6.5) 0.12
22 — n's¥ 3.8 (1.7) 2.2 (0.80) 1.7 (1.1) 0.020
22— ASS’ 1.4 (0.61) 0.82 (0.30) 0.61 (0.39) 0.0078
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deca h invisible

FCNC charm decay with invisible singlet fermions

The leptoquark S transforms as (3, 1, —2/3) under the SM gauge groups SU(3)cotor X SU(2)z xU(1)y. : cehin

light of recent data

We write the Lagrangian for the renormalizable interaction of S; with Ny 3 and the quarks as
Dr. Geng Li

qu = Y/[ZTJ-CPRN]SI + I’I.C.7

where Y, are generally complex elements of the LQ Yukawa matrix Y, Ui 3 = (u, ¢, t).
The effective Lagrangian for ¢ — uNN’

Ly = —uytc ?’y# (CXV +75C’f}/)f —ﬁ’y”’yscf'yu (EXV +756?f,)f,
with the coefficients being given by
YiY
V. _ ~A VA ;Yo
CN,N, = CNjN, = OoNN, = ONN, = 8m§1

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

0 yuZ 0
Y = }_/c] 0 0 9
0 0 0
in which case only ¢ — uN,;N; can occur with
o =
\4 A ~V ~A YoYer _
Crany = Cuny =GN, = CNpN, = —% = kww,
ms,




Full model-independent D-6 effective Lagrangian

» Full model-independent D-6 effective Lagrangian

9
£ef/ = ZgﬁQi:
i=1

where the subscript frepresents fermion which can be Majorana or Dirac type.

P> There are nine independent effective operators O;s

0= (79 (xXx), O=@7rxx), 0 =(79XYX),
0= @7V )XY’x), O = @1a) ZXV'YX), s = @17’ 9) (XYY’ X),
071 = @7a)(XY'X), Os = @77 ) (XY'X), O = (G,0uq) (X" X)-
» More information on
[1] Geng Li, Chia-Wei Liu, Chao-Qiang Geng. Bottomed baryon decays with invisible Majorana
fermions. Phys.Rev.D 106 (2022) 11, 115007.
[2] Geng Li, Tianhong Wang, Yue Jiang, Jing-Bo Zhang, Guo-Li Wang. Spin-1/2 invisible
particles in heavy meson decays. Phys.Rev.D 102 (2020) 9, 095019.
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Predictions of the standard model
In the SM, the FCNC decays with neutrinos arising from loop diagrams by the effective Hamiltonian

M _0eGr Sy
Hc%uuﬂ = >‘ rq7r£ M’Y PLCV[-YWPLVZ7
\/571' sin 9W L=e,u,T qg=d,s,b

where ry = m} /m3, and with the loop function

il e R SR e e s T
Accordingly, with f = f" = vy and my = mp = 0,
cYh = —Ch = g% =& = qg’b%.
We obtained
B(D" = vi) =0 B(D" — yvi) = 1.8 x 107"
B(Dﬁrry): 5x10*17 B(D" — p’vi) = 1.1 x 107",
B(Dt =« I/V):13><10 e B(Dt = ptvr) = 59%x 107",
B(D} — KTvp) = 4.5 x 107 B(D} — K*twvp) = 3.3 x 10”
B(A} — pvo) = 7.3 x 10‘17 BEH - 2twp) = 1.1 x 10‘16
BE! - Xwi) = 1.8 x 1077, B(E) = Avp) = 6.5 x 10~
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Prediction of invisible fermions

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

| mfrom D%~ NN' bound
m from D% 2NN’ bound
5% 1078} mfrom Af-pNN' bound q
L

0.0 0.5 1.0 15 2.0
My+My (Gev)
Figure 10: The upper limits on [knn | versus my + my, with N = N, and N’ = N, implied by the D° — NN’ (blue),

D’ — 7°NN’ (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 |knn/| < 1.1 TeV 2 inferred from collider and

perturbativity restrictions.
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B(D*> YNN") 1o

Figure 11: Maximal branching fractions of D° — (v, p°)NN’, DY — (x T, p")NN/, and D — (KT, K*F)NN’
translated from the |knn |max Values in Fig. 10 inferred from the D° — NN (blue), D° — 7NN’ (purple), and A — pNN’
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Figure 12: The same as Fig. 9 but for = — 27NN’ and E! — ANN'.
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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 |KnN [max for mye = my = 0 and my = 0.1my = 0.05 GeV ifthe
Aj' — pNN’ bound is absent and, in brackets, if it is included and the strongest.
Decay modes my =mny =0 my = 0.1 my = 0.05 GeV
D — NN’ = 9.4 [Input]
D’ — 4NN’ 0.15 (0.020) 0.021
D® — 7NN’ 21 [Input] (2.8) 3.1
Dt — 7NN’ 107 (14) 16
D — KTNN’ 38 (4.9) 4.9
D" — p'NN’ 9.6 (1.3) 0.68
Dt — ptNN/ 49 (6.4) 35
D} — K*™NN’ 27 (3.6) 1.9
A} — pNN/ 61 (8.0 [Input]) 7.2
=F — STNN 91 (12) 54
=22 — 2NN’ 15 (2.0) 0.91
=0 5 ANN 5.5 (0.71) 0.34
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P We have studied the light invisible scalars and fermions in the FCNC decays of the long-lived
charmed hadrons.

P> Fully invisible decay; Semi-invisible radiative decay; Semi-invisible mesonic (bartonic) decay.
P Highly suppressed SM background.

P The bounds of the coupling constants are extracted from very recent data.

P> Based on these bounds, we have predicted the upper limits of other channels.

Summary




Thanks for your attention!

Let’s have a further discussion, please.

BN E F 57 PR

Hangzhou Institute for Advanced Study,UCAS

October 14, 2023
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