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BEPCII and BESIII

ElectroMagnetic
Calorimeter:

CsI(Tl) 2.5%(5.0%)
Barrel(endcap) @ 1GeV

Storage ring ~240 m ‘ ' < /Multilayer Dri

_'-v""*"/

Chamber:

' ,/( & Lmac ~200m Ap/p=0.5%
P, SR EN

> \dE/dX ~6%

Beam Pipe

2004 BEPCII upgrade, BESIII constructlon 7 4 MUon Chamber:

| 2009-2024: BESIII physics and SR run RPC 9(8) layers
2024-: BEPCII upgrade to BEPCII-U | barrel(endcap)
\s: 1.84~4.95 GeV, Lpeak = 1.1 X 1033 cm™2s71

Beijing Electron Positron Collider li BEijing Spectrometers ll|
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Data set at BESIII
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Dark matter (DM) in cosmology

z=0 10—2 T
Today
1071 Only gravitation: too weak;
radiation S Require other interactions
S 6| i
baryonic matter 5 10
(luminous + gas) 'g i 1
g Dark _§
“4¢ © Matter = 1078 - 1
£ A Y (smaller o)
]
Qpmh* =0.12 + 0.0012 1010+ !
v Y (bigger o)
L Yeq o |
1
10—]2 1 1 L Ll L0l III LLLilnl L LLilll
DM SM 107! 1 10 10 10°
z=M|/T
thermal relic by freeze-out _
Dark force « For DM>>GeV, coupling~0(1), eg. WIMP
bM SM * For DMsGeV, coupling < 1
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DM search status

Direct detection:

2026/7/22
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DM mass in GeV

O GeV to TeV scale: strong constraint, not found any WIMP signal

O Sub-GeV: insufficient nuclear recoil energy to be detected, less exploration

BESIIl operates in ~GeV region, can offer a unique opportunity to

probe sub-GeV DM from the collider




DM search approach at BESIII

Events Events Events
Mmiss ] Mmiss ] EEMC
T rt
Missing Mass Missing Mass or Other features
Resonance dark matter Non-Resonance dark matter
o
H -
D
* Invisible signal at the detector -
* “Visible” by the recoiling or zero energy deposited |
phe

Missing Energy in EMC
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Phys. Rev. Lett. 137, 031804 (2026), Editors’ Suggestion

Search for n —» ¥ + invisible at BESIII

Flavor Conservation
DM decays

n —» S — ©°x¥ has the largest BF

Gy -«
@W@ ‘. 40 Ig 10 b — ST
Ii L 0§ oy
u(d) > & > u(d) @g 10° ﬁ —-:":WS:YJ(;X
/\\ ! gU(gd) m’ g 107 - N—=>YV-=vxx
N gN N 'EL( *) - < ﬁ(d) 107 & — - K'=n*'S—n'yx
1 — 1075 =
[ DM-nucleon scattering ] [ n - n°S - n%y¥ decay ] i SSN——
10° = —=
. . -7 i L “ L | ‘\\‘ 1 L L L | und.e\r
* The two processes involve the same new physics 107, 0.2 0.4 0.6 0.8
mg,, (GeV/c)

* Sisadarkscalar boson, and y is the DM

O Search for sub-GeV dark particles with 7 — %S — 7%y at BESIII
* Data set @ 3.097 GeV

(10087 + 44) x 10° J/y
* nsource:J/YP > KtK™n

Charged kaons help to
tag n and DM

1 inclusive decay tag (IDT)

\

the equal coupling strength

.....
..........
o .

Search for on-shell S — y in this talk

2026/7/22

The off-shell S = yy search is ongoing

~
1n DM decay tag



Phys. Rev. Lett. 137, 031804 (2026), Editors’ Suggestion

Search for n —» ¥ + invisible at BESIII

[ Tag K*K~ withn —» any J [ Further tagn - n® + ian [Scan signal with different mg J
% ?10;_ bata f\ § 30 ;_——Totalfil —34— Data ? _HHH H‘HHHJ ot {
S 100 - . b result J VN, - @1853+3.4010° e 25 | Signal -= Signal shape (BF=1x10") = T H}HHH - i 'H} HT]T R;
= i i Y nar = 160.5001 SBE L Background Inclusive MC = 'H
o B Signal A X : g r R 5 10 |
&80 R Background I ‘ 8 20 __Type Il: m5-240 MeV/c
£ - l S N, = 111+ 7.6 -
Z 60 f \\ S50 [T T
C | I \ | F-TF-'] C ;':; 0 fw’w
0 / \ toF ][ * uﬁL ‘ ]
N i
0 B |'.'.".'."|'.".-.".-|- .... [ S R [ L AL 512, L2 S E
04 0.45 0.5 0.55 0.6 0.65 0.7 0 0.02 0.04 0.06 0.08 0.1 0.12 S 7 J | | .
My (GeVie?) M2, (GeV’/ ¢ " o o
> The recoiling massof KT K~ » The recoiling mass square of » Signal yield and upper limit (UL)
> ~2 x 10° n events are tagged K*K~m© « S massfrom ~0 to 400 MeV
* Not the world largest ) data set, * On-shell S = yx * ULonB(nn - nOS) @90% C.L.:
but may be the cleanest ) data (1.8~5.5) x 107>

0 Advantages of DM study at BESIII

e Clean background, full reconstruction, high efficiency, absolute BF measurement...
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Phys. Rev. Lett. 137, 031804 (2026), Editors’ Suggestion

Search for n —» ¥ + invisible at BESIII

CsV
V2ANp
* The coupling strength g,, not necessarily proportional to the Higgs Yukawa couplings

» LD —g,S¥ixXr — guSuug + h.c, g,=

. 1073 g mé2 m20
'4. g - = = Expected UL PandaX- 4T.Iexcluded B e gu/12 (1 S T )
@) — | B Expected UL =16 (Qx=1- mx=§ms) ____________ m2 m2
aQ L Expected UL+2c | _ _ _oemmmTT N Ui
=] _ — Ob dur BT —_
S 10 e > ULon g, or gg @90%C.L.: (1.3~3.2) x 107°
=i ___ —Naturalne llow d; :
- E BESHITomS - ouuies _r%’ﬁ\sna e  Better than the result of atmospheric-boosted DM
0 ——
= from PandaX-4T
_5 _
oF 0 = // JE949 K vV (g_ only) \fg |=_1|)| ,,,,,,,,
T = NA62 K' 77 (g, only) Relic DM benchmark » Constraints from K™ — n™ + invisible: only for g,,
'z:..'a..._-{,.._.“ﬁ:u .'”"*:- s (mx=0.45ms)
10_6 PR T S N S T T S I S T T S | 1‘.| ‘ ?‘-:"-9'.: ‘u.'-n'.:l 'u PR SR R NN SR Y SN SR AN TR T S

» Naturalness bound in EFT, setting Ayp = 10 TeV

16m? mgv

(& 10_4 : ° <L — 2
M P——g—ﬁﬁi\ Ju="5" %
10_5 | | ‘ | I T | I L 11 1 | I | | L1 1 1 | | I | | . | L1 1 1

0 50 100 150 200 250 300 350 400 » Thermal Relic DM benchmark: Freeze-out by yy — nrm
mg (MeV/c%) * Excluded wheng, = 0.1
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Phys. Rev. Lett. 137, 031804 (2026), Editors’ Suggestion

Search for n —» ¥ + invisible at BESIII

CsV
V2Anp
* The coupling strength g,, not necessarily proportional to the Higgs Yukawa couplings

» LD —g,SX1Xr — guSujug + h.c, g,=

— 107 . Z
= E 5 o Judy  Mymy )2
‘% 10730 E LzCcRDM n mé m, + my
lo :
1032 : » Constraint on DM-nucleon cross section (7,)
PandaX-4T,MDDM S SENSE * Improved by approximately 5 orders of magnitude
_34 (m_=300 MeV/c?) = MEDM . . .
10 s over previous DM-nucleon scattering experiments
]. —36 \ i \C‘: .!"“.‘: .
0 o ‘ et » Model-dependent constraint:
10738 e Scattering mediated by on-shell §
=== m=50 MeV/c?
1040 — m =300 MeVIc? » Ongoing and Future
et me=400 MeV/c? « Off-shell Scaseinn » %y
10742 Lol I Ll ] 1111l o LargerS mass in TI’—)]‘[OX)Z
107" 1 10 10° 10° e Pseudo-scalarcaseinn -» ntm yx
m, (MeV/c) * Vectorcaseinm®/n - yxi
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Phys.Rev.Lett. 135, 151804 (2025)

Search for J /Y — ¢ + invisible at BESIII

> Motivation similar to the previous n — ©® + invisible
 Using (8774.0 + 39.4) X 10° J /3 events to search for sub-GeV particles in / /1) = ¢ + invisible

25 T T T T T 10_7_"'|"'|"'|"'|"'
| BESI 3  BESIII
L JP - (KK + X PP - (KK + X
5, 20 + et 856 Une § < [ Limits at 90% C.L.
|nV|S|b|e (X) N; I Simulated signal, mx = 0.2 GeV/c? . o _;_
% 15 L Simulated signal, my = 0.4 GeV/c? 1
o [ =--- Simulated signal, my =0.6 GeV/c® 5
— + g  -- Simulated signal, my=0.92 GeV/c? 5
e j/(‘u e % 10__ —— Expected background ) n‘g 10—8_
g [ " |_l_ i | _E [
L U : I -
Pl @
Ll MMMIHIJM:%’ +i1ﬂ+ﬁl1ﬂrlm g ~ Observed
g E ‘ . . -- Expected |
@ g; " + + + L+ "4y mm by +++1+++u Expected +10
8 5 T +" ""”f' " $ b4 M ; B . | | Ex;l)ected +20
g — 0_0 ' 02 ' 04 ‘ 06 ‘ IOIBI — 100.0 0.2I I I0.4I I IO.GI I l0.8l I I‘I.Q
MZcon() [GeV?/c?] myx [GeV/c?]
Reconstruct the invisible * ULonB(J/Y — ¢X) with my ranging from 0 to 0.96 GeV @90% C.L.
signal by the K™K~ recoil 4%10-%~4 x 10-8

UL on the inclusive invisible BF of J /1) — ¢X: 7.0 X 10~ @90% C.L.
 Taking X =71, ULon B(n — invisible): 2.4 x 10~>@90% C.L.,
2026/7/22 improved by more than 4 times
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K ¢ Invisible decay

~ % SM decay

uo /

% Decay to DM

e /

% Ordinary-
® mirror particle

oscillations

T ———

Invisible
decay of K <

Input for

\ % CPT test

2026/7/22

K% u/c/t Al

S H / X S H! '." @
K > ........... < K? > -----------
X d ~

S —p— 1/
i BF < 10-16

FCNC && Helicity suppression
Phys.Rev.D 91 (2015) 1, 015004

T

2HDM model
BF~0(1079)

Natural Sci.Rev. 1 (2024) 5

Mirror matter model

BF~0(10_6) arXiv: 2006.10746

0 0/
K - Kg

Bell-Steinberger relation connects CPTV to the amplitudes of

all decay channels of neutral kaons.
BUT currently assumes no invisible modes

Phys.Rev.D 91 (2015) 1, 015004 12



JHEP 05 (2025) 092

Search for K? invisible decay at BESIII

J/P — pKIK? from (10087 + 44) x 10° J/{

K7 — invisible
o Jly o
> X < :
e il
K~ \ T

Why this channel?
o J/Y - ¢KIKY is forbidden with C
Parity conservation, lower background

* Butstillhave J/y » KYK" KK}

2026/7/22

Signal
feature

T~ rt K+
Signal I/ Background
K-
-
Invisible K+ -
in EMC It Additional
K_ I hitS n_

* Using the deposited energy in EMC to identify the invisible signal
* An alternative method for invisible signal search at BESIIII
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JHEP 05 (2025) 092

Search for K¢ invisible decay at BESIII

_ gx10°
TE"’_ ¢ Data
000 > T ggnatshape Other background modeled
I/ - K"K~ KgKj = | with MC simulation, such as
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k E 4 % Other backgrounds
-]
Ll 3 x2indf = 2.32
2
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- Ik - E Nsig = 56 + 201
Invn:ble Slgr:jal _ B(K¢ — invisible) < 8.4 x 1074
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E c(GeV)

First direct measurement of K9 — invisible; the UL still lies above the NP prediction
2026/7/22
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Dark baryon

L/
(G | The baryon and dark matter * Potential connection between their origins
Coincidence energy densities are fairly similar ¢« DM may carry non-zero baryon number
problem Q/ Qpmu/2p =5.361+0.06
Baryon
EBQST
r PRI, oo o e S - pbotdle
y 3 rEas e e T = . B(n — dark)~1%
I\.leu.tron 2 s _- s s Br(n — p + anything ) ( ) °
lifetime puzzle W oI Ly |
- J | It =%
s —“l" S S i 3 R
ook Slorage method : 570.4 0.6 8 * Motivates the existence of dark baryon
199(; - 19195 - 20100 - 20105 - l20]1(; - ‘20‘15* A ‘2012¢e‘"
JPS Conf. Proc. 33, 011056 (2021)

1. Explain matter anti-matter asymmetry
CP asymmetry

B-Mesogenesis
mechanism W in B = baryon + dark baryon

Naturally, dark baryon interacts with all SM quark flavor

— Search for dark baryon in hyperon decay at BESIII
2026/7/22 15

2. The origin of the dark matter



Phys. Lett. B 872 (2026) 140099

Search for =~ —» ™ + invisible at BESIII

600
- 1
Dark bgfyon - (b) I e e Observed UL
500_ otal fit
o l \ E — Signal (m = 1.10 GeV/ed) . CES.S =084 TeV? - - - Expected UL
S ( N\ X 2 100 ity * e - 10 — = 0.19 Tev? Expected UL £10
\D ’ \ - § E :{I I---:{I*I ather background SQ ) EXP?CtEd UL 20
AR ) PR ey % 10°F Recast result fromtHE direct
s Heavy colored u & 200 b T,y © 10 search for heavy colored bosan
boson mediator o0f Yt é
d > d 03_' A N, T L TP T S ...I.:"."f‘-q-' 107 BESI" —
4 [ 2
25
— 3 olbirtd bbbl }“ } Sl b b e b e e
> J/i - EYE~ from 1010 J/ = iyt Mt {ﬂ Hy b 10 102104106 1.08 1.1 1.12 1.14 1.16 1.18 1.2
~ 02 04 06 08 i 1.2 m, (GeV/d)
Eppe (GeV)
« Et5>SME o> m :
’ : X 0.8F Better effective coupling constraints
e Dark baryon y with mass ~ oib k.,
hypothesis of 1.07, 1.10, my, E ek [c,
1.13,1.16 GeV REPA - . .
’ S 05F Effective coupling
X 0.4F : Low energy exp
. . o UE constraint
* Deposited energy in EMCused g os3f . Heavy
to identify the invisible signal = 02F new particle
0.1F
2026/7/22 0-1.07 GeV."czll.IO GeV."cZI my I1.13 GEV/CZII.IES GeV."cZI LHC
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Summary

> New results of sub-GeV dark sector at BESIII
« n - % + invisible, /] /1 - ¢ + invisible
« K¢ - invisible, n — invisible

e X7~ —> 1~ 4+ invisible

* Unique stringent constraints on the sub-GeV DM

> BESIII has collected 101° J/4, 2.7 x 10° ¢,

20 fb~! @ 3.77 GeV data (DD) and more...

» More & better results are coming soon

2026/7/22

wan i lizhj37@mail2.sysu.edu.cn
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Super Tau-Charm Facility (STCF)

— | | | | | | | | | | | | | e
| W BESIII % % %

BN Bellell{50 ab )

N(sample)

Light Hadrons T Lepton Charmed Hadrons

Statistic improved by ~300, BF or ¢’s sensitivity improved by ~17, coupling strength’s sensitivity improved by ~4

2026/7/22 19



X" — p + invisible and QCD axion

— — A
SM decay @ s — > d « s — dvv, FCNC && GIM suppression
Q/ U - « » <+ BF<10 1
Phys.Rev.D 94 (2016) 11, 115013
/ -_—————-—————_—-—-—-—-——-—_-—_—_—_—_—m—m==-- ~
(o [ ° Solution to strong CP problem » Naturally allow the FCNC coupling \
Decay to P I . 1 y® 1
BSM particles W | © Anexcellent dark matter Lao-5 = 0pafiv*( AR ) j |
ij ij |
I 1 Vector coupling  Axial coupling I
-~ /J * Me~g~ o S My K 1eV; |
i .2 sensitive T
Decay to QCD axion ( a )N g: coupling strength; I
SN\ F,: decay constant K" ->n"a l
. \ ,
S > & > d N o o o o e e e e e e e me me e e e e e e e Em E E e e e = - -
Yt ooou > U P _, ——————————————— -
u . u N\ * Can also Decay to massless dark photon |
I «+ Maximum allowed BF ~3.8 x 107> |
L s

2026/7/22

Phys.Rev.D 102 (2020) 1, 015023 20



Phys.Lett.B 852 (2024) 138614

Search for X% — p + invisible at BESIII

J/p - =T from 1010 J /4

* Double tag method é ©
E = B
8 2 +T
* Invisible particle with mass hypothesis of zero s 10 3 \ <= N
* Deposited energy in EMC used to extract the signal z : -
Qo s
250 i Daa %107 &
N (a) [ signal TEI.‘ 10 =
c200- pee o B(Z* - pa) : Coupling constraint on QCD axion
n -p P
5 F i i | Z?Pn;'_( . <3.2x107° N
S 150 A(1232)"A(1232
:u% : * } { Others from Inc. MC @90% C-L- 10 E_
z iy } E vl vl vd vl il vl vl sl 3
2 1R o 10° 10" 10®° 10° 10" 10" 10" 10" 10"
S0 oy, Fgy (GeV)
LAz, ¢ 4
U TN i e HT T WO IR I ot . - Competitive constraint on the axial coupling temp F4,; of QCD axion
o f f R
£ _gf‘?“}"H‘"‘{‘*TTT"*“H"“{"‘** * The BF UL lies below the maximum allowed BF of massless dark
~% 01 02 03 04 05 06 07 08 09 1 photon decay (3.8 X 107°)
Eexlra (Gev)

2026/7/22 21



arXiv:2603.03199

Search for £ —» A + invisible at BESIII

> SM decay: s — dvv, FCNC && GIM suppression; BF < 10711 > ]/l[) — E0F0 from 1010 j /3 events
£0 > SM,E% > Aa/y’

» Decay to BSM particles (with FCNC coupling)
* Deposited energy in EMC used to extract

inwvisible N j
7 the invisible signal
e > B(£% > Aa/y') <2.3x10™* @90% C.L.
~10°
=0 { 8 > s A > 7z \
S | =
u > u i 0 ; K-K(ex)l L —pa
QCD axion a Massless dark photon ¥’ 107 o} K orna 5. Kafinis work)
; ) Coupling constraint on QCD axion
- 1 —
Log=0uafy"( o7 + ;,’—A fj Lyp = = C ;o diHF
/ A 2.
Phys.Rev.D] 94 (2016) 11, 115013 10°
m, < 1 eV motivated b _ Coecoad ol ool vl il il il ol
a 1 y Allowed BF: 1.2 X 10 4 10° 107 10° 10° 10 10" 10 10° 10™
m, X F_a with Fa > PeV Phys.Rev.D 102 (2020) 1, 015023 FY.(GeV)
Competitive constraint on
the axial coupling temp F‘;‘d 22

2026/7/22



Phys.Rev.D 109 (2024) 3, L031102

Search for J /Y —» u*u~ + invisible at BESIII

Escalar _

—go Xo [t 14,

e U(1);,_;- model: A new massive scalar boson X or vector boson X _
( )Lu Lt 0 1 £vector S— X4 M,}/a L.

only couples to the second and third generations of leptons (i, v, 7, v;)
with the coupling strength g’ 4

explain (g —2),

I » The main muon source at BESIII: anomaly

| J/y-oputu :
I
| > Searchfor J /Y —» p"pu~Xg 1 :—> Invisible X, 1 at this time

]|
]|

JIv JIy

2026/7/22
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Phys.Rev.D 109 (2024) 3, L031102

Search for J /Y —» u*u~ + invisible at BESIII

ﬂmilla" Lu — L, model \

X1

N Y

e Large mass of dark matter kind:

m, >my /2
« B(X; »vd) =33%—100%
with different my_

2026/7/22

mvisible" L,— L, modem

e Light dark matter kind:
m, <my /2

* gp> g

e B(X; = x¥)~100%

/ “scalar” U(1) model \

-
hﬂ'
Y
*.

long-lived /

* Assuming the X is long-
lived or only decay to
invisible final states

24



Phys.Rev.D 109 (2024) 3, L031102

Search for J /Y —» u*u~ + invisible at BESIII

Events / 0.01 (GeV?/c?)

Events / 0.01 (GeV?/¢c*)

Low mass region

o
=

I
=

P2
=

80

B0

~ X, search —+ Data
e ATEE N T Ty
Ne:17 +16 e'e’— pf

--- Jly— hadrons

X, search * ~+-Data

N,:25 +19 [ e'e’— pt
] -- Jly— hadrons

2 - -D- D"z D.?_ “
Mol °1) (GeVe/ )

Events / 0.01 (GeV/c?)

Events / 0.01 (GeV/c?)

High mass region

BO —
- X, search
60 - _+_ Data
40 —
L ---- Background
20—
BO —
- X, search
60 _— _+_ Data
40 —
L ---- Background
20—

l 0.4 | l U.E_ l
Mcoi('n) (GeV/c?)

0.8 1

* Data samples:

~9 x 107 ] /1 events
* No evidence for
invisible X 4

Maximum local signal significance:
2.50 at M(X,,) = 720 MeV /c?

UL on the BF: 10~7 to 10~° order

25



Phys.Rev.D 109 (2024) 3, L031102

Search for J /Y —» u*u~ + invisible at BESIII

“vanilla” L, — L: model “invisible” L, — L, model “scalar” U(1) model

15 | 15 15
kb BESII oL BESII BESII
E A = 107 =
L A
g e o i e
- - E | E - - - - o s
o B wﬂ-'-l-:ﬂtl ] - X ) o)) 1 g—
L ey E “Ts;/ ~ ’
F Ag2) 2 — Balle ; . (g2) t 20 y 2
- — NABde i , — EBelel -
1 - CCFR — - Belle ok , ’  NAeie 3
= Borexino BaBar , (g:2) £ 2
C CMS (95% C.L.)
1|:r: 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1|:r:\ Illllvb IIIII 1 1 IIIIIII .1.:]—4 IIII 1 1 1 IIIIII
1 10 1 10 PR 1 i 10 10t
M(X) (MeV/c?) M(X) (MeVic?) M(X) (MeVic?)

First constraint for the “scalar”
invisible X case
Belle Il can also give the constraint

Better sensitivity in the range
200-860 MeV/c?

BarBar, CMS, Belle: X; —» u*tu~
Belle 11, BESIII: X; = vv
(Taking B(X; — vv) into account)

“Significant Room Remaining for g, — 2 Anomaly; Big Potential!” —— from my talk in 2025.3
2026/7/22 26



Newest state of (g —

2),

L L L B B LB B R BB
BNL E821 : " : Before 2025.5:
........................ Run_l R :: [ Aaﬂ — aﬁxp . aELM — (249 i 4.8) x 10_11
Run-2/3 —o—
Run-4/5/6 o After 2025.5:
-1- > — P _ _SM _ -11
Run-1-6 & v exp. value Aa, = a;® —aiM = (38.5 + 64) x 10
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dark higg, axion... are also changed to an UL
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Discussion within the specific model
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Sub-GeV DM search status

» The challenge of the sub-GeV DM detection

[ Non-relativistic velocities J EDZI [ Sub-GeV ] — [ Small recoil energy ] — [ Not exceed the detection threshold J

> Solutions of the sub-GeV DM detection: 1. boosted DM 2. low threshold detection
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Cosmic-ray boosted DM Atmospheric-meson-decay Migdal effect to lower the threshold

boosted DM

* Hard work but sensitivity remains limited due to the reduced DM Flux or reduced detection probability

2026/7/2; BESIII operates in ~GeV region, can offer a unique opportunity to probe sub-GeV DM from the collider 30
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  ~ 200   m


  ~ 240   m


   s :   1 . 84 ~ 4 . 95   GeV


   ℒ  peak = 1 . 1 ×   10  33     cm  − 2  s  − 1


  𝚲


  𝟏 𝟎 . 𝟏 ×   𝟏 𝟎 𝟗   𝑱 / 𝝍


   𝚲 -


   𝚺  𝟎 , +


     𝚺 -  𝟎 , −


   𝚵  𝟎 , −


     𝚵 -  𝟎 , +


  𝜼


  𝜼 ′


  𝝓


  𝝎


   𝑲 𝑺 𝟎


  ~   𝟏 𝟎 𝟕


  ~   𝟏 𝟎 𝟕


  𝟐 𝟎     𝐟 𝐛  − 𝟏


  𝝍 ( 𝟑 𝟕 𝟕 𝟎 )


   𝑫 𝟎


     𝑫 - 𝟎


   𝑫 +


   𝑫 −


  ~   𝟏 𝟎 𝟕


  .   .   .   .   .   .


   s :   1 . 84 ~ 4 . 95   GeV


   𝛀  𝐃 𝐌  𝒉 𝟐 = 𝟎 . 𝟏 𝟐 ± 𝟎 . 𝟎 𝟎 𝟏 𝟐


  ≫


  coupling ~ 𝒪 ( 1 )


  ≲


  𝐜 𝐨 𝐮 𝐩 𝐥 𝐢 𝐧 𝐠 ≪ 𝟏


  ~


  𝜼 →  𝝅 𝟎 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  S


  𝜒


  𝜼 →  𝝅 𝟎 𝑺 →  𝝅 𝟎 𝝌  𝝌 -


  𝜼 →  𝝅 𝟎 𝑺 →  𝝅 𝟎 𝝌  𝝌 -


  ( 𝟏 𝟎 𝟎 𝟖 𝟕 ± 𝟒 𝟒 ) ×   𝟏 𝟎 𝟔


  𝜂


  J / 𝜓 →  K +  K − 𝜂


  𝜼


  𝜼 →  𝝅 𝟎 𝑺 →  𝝅 𝟎 𝝌  𝝌 -


  𝑺 → 𝝌  𝝌 -


  S → 𝜒  𝜒 -


  𝜼 →  𝝅 𝟎 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


   K +  K −


  ~ 𝟐 ×   𝟏 𝟎 𝟔


  𝜼


  𝜂


  𝜂


   K +  K −  𝜋 0


  S → 𝜒  𝜒 -


   𝑲 +  𝑲 −


  𝜼 → 𝐚 𝐧 𝐲


  𝜼 →  𝝅 𝟎 + 𝐢 𝐧 𝐯


   𝒎 𝑺


  S


  ~ 0


  400   MeV


  𝓑 ( 𝜼 →  𝝅 𝟎 𝑺 )


  ( 𝟏 . 𝟖 ~ 𝟓 . 𝟓 ) ×   𝟏 𝟎  − 𝟓


  𝜼 →  𝝅 𝟎 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


   𝒈 𝒖


   𝒈 𝒅


  ( 𝟏 . 𝟑 ~ 𝟑 . 𝟐 ) ×   𝟏 𝟎  − 𝟓


   K + →  𝜋 + + invisible


   g u


   Λ  NP   = 10   TeV


   g u ≤   16  𝜋 2   2    m S 𝜈   Λ  NP 2


  𝜒  𝜒 - → 𝜋 𝜋


   𝒈 𝝌 = 𝟎 . 𝟏


  ℬ ∝  g u 2  𝜆   1 2 ( 1 ,    m S 2   m 𝜂 2 ,    m   𝜋 0 2   m 𝜂 2 )


  𝓛 ⊃ −  𝒈 𝝌 𝑺    𝝌 - 𝑳  𝝌 𝑹 −  𝒈 𝒖 𝑺    𝒖 - 𝑳  𝒖 𝑹 + 𝒉 . 𝒄 .


   𝒈 𝒖 ≡    𝒄 𝑺 𝝂   𝟐  𝚲  𝐍 𝐏


   g u


  𝜼 →  𝝅 𝟎 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  𝓛 ⊃ −  𝒈 𝝌 𝑺    𝝌 - 𝑳  𝝌 𝑹 −  𝒈 𝒖 𝑺    𝒖 - 𝑳  𝒖 𝑹 + 𝒉 . 𝒄 .


   𝒈 𝒖 ≡    𝒄 𝑺 𝝂   𝟐  𝚲  𝐍 𝐏


   g u


     𝜎 - n ∝    g u 2  g 𝜒 2   m S 4   (    m 𝜒  m N   m 𝜒 +  m N ) 2


     𝝈 - 𝒏


  S


  S


  𝜂 →  𝜋 0 𝜒  𝜒 -


  S


  𝜂 ′ →  𝜋 0 𝜒  𝜒 -


  𝜂 →  𝜋 +  𝜋 − 𝜒  𝜒 -


   𝜋 0 / 𝜂 → 𝛾 𝜒  𝜒 -


  𝑱 / 𝝍 → 𝝓 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  𝜼 →  𝝅 𝟎 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  ( 8774 . 0 ± 39 . 4 ) ×   10 6


  J / 𝜓


  J / 𝜓 → 𝜙 + invisible


   K +  K −


  𝓑 ( 𝑱 / 𝝍 → 𝝓 𝑿 )


   m X


  𝟒 ×   𝟏 𝟎  − 𝟗 ~ 𝟒 ×   𝟏 𝟎  − 𝟖


  J / 𝜓 → 𝜙 X


  7 . 0 ×   10  − 8


  X = 𝜂


  𝓑 ( 𝜼 → 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞 )


  𝟐 . 𝟒 ×   𝟏 𝟎  − 𝟓


   𝑲 𝑺


   𝑲 𝑺 𝟎


   K S 0 ⇢  K S  0 ′


  𝐁 𝐅 <   𝟏 𝟎  − 𝟏 𝟔


  𝐁 𝐅 ~ 𝓞 (   𝟏 𝟎  − 𝟔 )


  𝐁 𝐅 ~ 𝓞 (   𝟏 𝟎  − 𝟔 )


   𝑲 𝑺 𝟎


   𝑲 𝑺 𝟎


  J / 𝜓 → 𝜙  K S 0  𝑲 𝑳 𝟎


  J / 𝜓 →  K +  K −  K S 0  K L 0


  𝑱 / 𝝍 → 𝝓  𝑲 𝑺 𝟎  𝑲 𝑺 𝟎


  ( 10087 ± 44 ) ×   10 6


   𝑲 𝑺 𝟎


  𝑱 / 𝝍 →  𝑲 +  𝑲 −  𝑲 𝑺 𝟎  𝑲 𝑳 𝟎


  𝝓


   𝑲 𝑺 𝟎 →  𝝅 𝟎  𝝅 𝟎


   𝑵  𝐬 𝐢 𝐠 = 𝟓 𝟔 ± 𝟐 𝟎 𝟏


  𝓑  (   𝑲 𝑺 𝟎 → 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞 ) < 𝟖 . 𝟒 ×   𝟏 𝟎  − 𝟒


   𝑲 𝑺 𝟎 → 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


   𝜴  𝑫 𝑴 /  𝜴 𝒃 ≅ 𝟓 . 𝟑 𝟔 ± 𝟎 . 𝟎 𝟔


  𝐁 𝐚 𝐫 𝐲 𝐨 𝐧


  𝐃 𝐌


  ℬ  (  n → dark ) ~ 1 %


  B → baryon + dark   baryon


  ⟹


   𝚵 − →  𝝅 − + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  𝑱 / 𝝍 →    𝜩 - +  𝜩 −


    𝟏 𝟎  𝟏 𝟎


  𝑱 / 𝝍


     𝜩 - + → 𝐒 𝐌 ,    𝚵 − →  𝝅 − 𝝌


  𝜒


   m 𝛬


  𝜂 →  𝜋 0 + invisible


  J / 𝜓 → 𝜙 + invisible


   K S 0 → invisible


  𝜂 → invisible


   𝛯 − →  𝜋 − + invisible


    𝟏 𝟎  𝟏 𝟎


  𝟐 . 𝟕 ×   𝟏 𝟎 𝟗


    𝐟 𝐛  − 𝟏


  𝑫  𝑫 -


  ~


  𝝈


  ~


  ~


   𝚺 + → 𝒑 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  𝒔 → 𝒅 𝝂  𝝂 -


  𝐁 𝐅 <   𝟏 𝟎  − 𝟏 𝟏


   m a ~ g ~  1   F a   ⟹    𝒎 𝒂 ≪ 𝟏   𝐞 𝐕


  g


   F a


   𝓛  𝒂 − 𝒇 =  𝝏 𝝁 𝒂    𝒇 - 𝒊  𝜸 𝝁 (      𝟏   𝑭  𝒊 𝒋 𝑽     +        𝜸 𝟓   𝑭  𝒊 𝒋 𝑨     )  𝒇 𝒋


   𝑲 + →  𝝅 + 𝒂


  ~ 3 . 8 ×   10  − 5


   𝚺 + → 𝒑 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  𝑱 / 𝝍 →  𝚺 +    𝚺 - −


    𝟏 𝟎  𝟏 𝟎


  𝑱 / 𝝍


   𝑭  𝒔 𝒅 𝑨


  3 . 8 ×   10  − 5


  𝓑  (   𝜮   + → 𝒑 𝒂 )


  < 𝟑 . 𝟐 ×   𝟏 𝟎  − 𝟓


   𝚵 𝟎 → 𝚲 + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  𝒔 → 𝒅 𝝂  𝝂 -


  𝐁 𝐅 <   𝟏 𝟎  − 𝟏 𝟏


  a


  𝛾 ′


   𝓛  𝒂 − 𝒇 =  𝝏 𝝁 𝒂    𝒇 - 𝒊  𝜸 𝝁 (      𝟏   𝑭  𝒊 𝒋 𝑽     +        𝜸 𝟓   𝑭  𝒊 𝒋 𝑨     )  𝒇 𝒋


   𝓛  𝐍 𝐏 =  𝟏   𝜦  𝐍 𝐏 𝟐  𝑪  𝒋 𝒌 𝑫    𝒒 𝒋 -  𝝈  𝝁 𝝂  𝒅 𝒌 𝑯    𝑭 -  𝝁 𝝂


   m a ≪ 1   eV


   m a ∝  1   F a


   F a ≫ PeV


  1 . 2 ×   10  − 4


  𝑱 / 𝝍 →    𝜩 - 𝟎  𝜩 𝟎


    𝟏 𝟎  𝟏 𝟎


  𝑱 / 𝝍


     𝜩 - 𝟎 → 𝐒 𝐌 ,    𝚵 𝟎 → 𝚲 𝒂 / 𝜸 ′


  𝓑  (   𝜩 𝟎 → 𝚲 𝒂 / 𝜸 ′ ) < 𝟐 . 𝟑 ×   𝟏 𝟎  − 𝟒


   𝑭  𝒔 𝒅 𝑨


  𝑱 / 𝝍 →  𝝁 +  𝝁 − + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


    𝑼 ( 𝟏 )  𝑳 𝝁 − 𝑳 𝝉


   𝑿 𝟎  


   𝑿 𝟏


  𝜇 ,  𝜈 𝜇 ,   𝜏 ,    𝜈 𝜏


    𝒈 ′  𝟎 , 𝟏


    𝒈 ′ 𝟎


    𝒈 ′ 𝟏


  𝑱 / 𝝍 →  𝝁 +  𝝁 −


  𝑱 / 𝝍 →  𝝁 +  𝝁 −  𝑿  𝟎 , 𝟏


    ( 𝒈 − 𝟐 ) 𝝁


   𝑿  𝟎 , 𝟏


  𝑱 / 𝝍 →  𝝁 +  𝝁 − + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


   𝑳 𝝁 −  𝑳 𝝉


   𝑳 𝝁 −  𝑳 𝝉


  𝑼 ( 𝟏 )


   m 𝜒 >  m   X 1 / 2


  ℬ  (   X 1 → 𝜐  𝜐 - ) = 33 % − 100 %


   m   X 1


   m 𝜒 <  m   X 1 / 2


    g ′ D ≫   g ′ 1


  ℬ  (   X 1 → 𝜒  𝜒 - ) ~ 100 %


   X 0


   𝑿 𝟎


   𝑿 𝟏


  𝑱 / 𝝍 →  𝝁 +  𝝁 −  𝑿  𝟎 , 𝟏


   𝑿  𝟎 , 𝟏


  𝑱 / 𝝍 →  𝝁 +  𝝁 − + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


  𝟐 . 𝟓 𝝈


  M  (   X  0 , 1 ) = 720   M e V /  c 2


    𝟏 𝟎  − 𝟕


    𝟏 𝟎  − 𝟗


  ~ 9 ×   10 9


  J / 𝜓


   X  0 , 1


  𝑱 / 𝝍 →  𝝁 +  𝝁 − + 𝐢 𝐧 𝐯 𝐢 𝐬 𝐢 𝐛 𝐥 𝐞


   X 1 →  𝜇 +  𝜇 −


   X 1 → 𝜐  𝜐 -


  ℬ  (   X 1 → 𝜐  𝜐 - )


  𝐌 𝐞 𝐕 /  𝒄 𝟐


   𝑿 𝟎


   𝒈 𝝁 − 𝟐


    ( 𝒈 − 𝟐 ) 𝝁


  Δ  a 𝜇 =  a 𝜇  exp −  a 𝜇  SM = ( 𝟐 𝟒 𝟗 ± 𝟒 𝟖 ) ×   10  − 11


  Δ  a 𝜇 =  a 𝜇  exp −  a 𝜇  SM = ( 𝟑 𝟖 . 𝟓 ± 𝟔 𝟒 ) ×   10  − 11


  𝓛 ⊃ −  𝒈 𝝌 𝑺    𝝌 - 𝑳  𝝌 𝑹 −  𝒈 𝒖 𝑺    𝒖 - 𝑳  𝒖 𝑹 + 𝒉 . 𝒄 .


   𝒈 𝒖 ≡    𝒄 𝑺 𝝂   𝟐  𝚲  𝐍 𝐏


   g u


   𝒈 𝒖


  ( 𝟏 . 𝟑 ~ 𝟑 . 𝟐 ) ×   𝟏 𝟎  − 𝟓


     𝝈 - 𝒏
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  𝜂 ′ →  𝜋 0 𝜒  𝜒 -


  S


  𝜂 →  𝜋 0 𝜒  𝜒 -


  𝜂 →  𝜋 +  𝜋 − 𝜒  𝜒 -


   𝜋 0 / 𝜂 → 𝛾 𝜒  𝜒 -


  ℬ ∝  g u 2  𝜆   1 2 ( 1 ,    m S 2   m 𝜂 2 ,    m   𝜋 0 2   m 𝜂 2 )


     𝜎 - n ∝    g u 2  g 𝜒 2   m S 4   (    m 𝜒  m N   m 𝜒 +  m N ) 2
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   𝒈 𝝌 = 𝟎 . 𝟏
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