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Motivation

< Standard Model (SM) is incredibly successful, it is tested by experiments jm . - - - . = = = — -
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Neutrino masses and oscillations, hierarchy

Real opportunity to search for new physics beyond the Standard Model
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Motivation

¢ Standard Model (SM) is incredibly successful but not complete!

 Extensions of the SM needed to solve several outstanding issues, including the
missing description of Dark Matter (DM)

Dark Matter

d Why DM?
* Amounts 27% of the total matter density of the universe

* Not interact with strong and electromagnetic interactions, it presence so far
can be inferred via the gravitational effects only.

» Explain the features of recent astrophysical observations SPI/Integral
0.4 - ! ! U IR ! ! SRR ! ! L Z 0 G | 4 lﬁ_l_ . obs;n'ation I I I I
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v_‘_i___,g_g.—é-—-"f"%—“f%l . l J[ | ol — background model: total I
2 2 I
xpected % o4 | + B e !
-—— _I_umjnous disk % i S [ ~
T ‘§ k% : § ;.g-—_--_-ﬁ-—_—""_"'-t_d"_"{ _ — _N‘L_._,, _____

Aesop (ref. 13)

1 1
S

R (kpc) 0.02 ? 5%272594 ;
| : e
M33 rotation curve G eMuller S TaRg NIBTR e ) o 5 3 vl £ &9 g gl 490 495 500 505 510 515 520 525 530
e : Energy (GeV) 2 10° E (kBV}
arXiv:astro-ph/0403324 PAMELA: Positron fraction P. Jean et al., A&A 407, L-55-L58 (2003)

O Adriani et al., Nature 458 (2009) 607
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Coupling of DM with Standard Model

® Dark matter has not seen yet in particle physics experiments.

-4 |- u;b el - * SM can’t explain DM —> Extend to the SM to include Dark matter
up charm gluon s’/
999 @ * One of the simplest models is “DM hidden sector” that allows the
= T= 0 = )L coupling between DM and SM particles via the so called “portals”
® - ® .9 0@
wocvon ||  muon a Zboson | & R. Essig et al., arXiv:1311.0029 (2013)
T e ata r )
3 ,.,g ' n? ,,w W % — B, F'", vector portal A’ kinetic mixing with vy, Z
“ | neutrino neutrno neutring Wboson | 2 2 cos BW
Standard Model Lo (up + 2pHH'H, Higgs portal Dark Higgs (mixes with SM Higgs)
ynLHN, neutrino portal
e a . -
]TF,qu At axion portal Axion, coupling to DM
\ a

® Can be accessible by high intensity e*e” collider experiments, such
as BESIIl experiment, if their masses are a few GeV

Hidden Sector
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BESIII Experiment
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Chin. Phys. C 44, 040001 (2020)
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https://doi.org/10.1016/j.nima.2009.12.050

Status of Dark sector searches at BESIII

Dark Matter portals

~~

!

} i

Axion-like particle (ALP) Light CP-odd Higgs boson Dark photon
Via]/ll)—>ya Via]/lll—>)/A0 |
a) With (25) data |
PLB 838, 137698 (2023) Massive Massless
b) With ]/ data l l a)ViaJ/yp - Un() a) AL > py’
PRD 110,L031101 2024)  Visible (di-muon) decay invisible decay PRD 99, 012013 (2019) DD 106, 072008 (2022)

(This talk)

PRD 93, 052005 (2016)
PRD 85, 092012 (2012)

PRD 105, 012008 (2022)
(This talk)

PRD 99, 012006 (2019)
PRD 102, 052005 (2020)

b) Via ISR process
(This talk) PLB 774,252 (2017) (visible)
(This talk PLB 839, 137785 (2023) (invisible)

b) D° - w/yy’
PRD 111, L0O11103 (2025)

c) X" — p + invisible
PLB 852, 138614 (2024)

PRD 101, 112005 (2020) (Th lk){
is ta

Fully invisible decays

Search for dark baryonin 2~ - m ¥

l |

Invisible decays of A baryon Invisible decays of Invisible decays of
11/n’ mesons
PRD 98, 032001 (2018) PRD 87, 012009 (2013)

PRD 105, L071102 (2022) w /¢ mesons

Invisible K decays
JHEP 05, 092 (2025) (This talk)

08/26/2025

i i arXiv: 2505.22140 (2025)

(This talk)
invisible muon philic
scalar or vector meson

PRD 109, L031102 (2024)
(This talk)

Search for heavy Majorana neutrino

PRD 99, 112002 (2019)
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Light Higgs boson A’ search

® A light Higgs boson is predicted by many extensions of Standard Model, such as Next-to-Minimal Supersymmetric Standard Model
(NMSSM).

5 tanf=10, u=150 GeV, M,,,=100,200,300 GeV

I L T | I I T T | I 1 I 1 I I I I

» NMSSM contains a total of three CP-even, two CP-odd and two charged
Higgs bosons.

- 0
o -
> The lighter state of the A? is defined as: "o BFU/ 170 YA )

1077
A — sinf, A -
[PRD 76, 051105 (2007)]

L»Non—singlet Singlet

', K
5 — —
[ ':" :
1078 E
» Coupling of fermions and the CP-odd Higgs A° 5L -
f_ M 050 _ I I ]
Lint A d(lj/s)d’ d d) S, b} e, ,uJ T L . 4

- ¢
1] sty co I A, 1 =1, €, 1,V ¥y Y, 107 arXiv:0712.00163
L L | [ | | ] L | [
5 1
-0.5 0.0 0.5

Vv .
tan ,B —_u Ratio of the VEYS of the up and E. Fullana et. al, a non-singlet fraction (COSB,‘)
v down-types of Higgs doublets Phys. Lett. B 653, 67 (2007)
d

Jhy—yA°

» Can be detectable via radiative decays of J/y and Y'(1S) Non singlet fraction Cos0,,

[Phys. Rev. Lett. 39, 1304 (1977)]
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Light Higgs boson A’ search in radiative J/ip decay
Expected B(J /i - yA°)~107° —10~7 [PRD 76, 051105 (2007)]

» Use 9 billion J/y events collected by BESIII experiment to
perform this study.

Mixing angle (sin8 ,o)

= sin?8 40

B(T(1S) — vA")B(A® — hadrons) _ Grm; (1- m%o
B(Y(1S) — ¢+¢7) V271

» No evidence of A? production is found and set 90% confidence

. 10 g
level upper limits on product BFs . 1k
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- - — [ o e S i ui g R A SERATHBERAFHEES | 5 "0 e S
S ~ ) Ldp ! ' . c 10—7
o r M\ . D 108 ENaszkorar 4 T
= |1 i 10]
S 102 = 1070 I (e
L = — Observed limits = 10ME 0y T e,
@ N ----- Expected average limit ] 10712 | sniaeia
i Expected limit (68%) i 10713 PRL 128, 081804 (2022)
10 Expected limit (95%) _ 1014 Byl ] TR
= 3 107" 1 10
- . m,. (GeV)
PRI [N SN TR TN T AN TN TN TR T NN TR TN SN SO Y TN SO TR SN AT TN SO SN N ~
0.5 1 1.5 2 2.5 3 Our result in the low-mass region is better than recent BELLE
myo (GeV/c?) measurement
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.081804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.081804

Search for an Axion-like particle
An Axion-like particle (ALP), a

* 1s a pseudo-scalar particle

* 1introduced by the spontaneous breaking of Peccei-Quinn symmetry to solve the strong CP problem of the QCD
Phys. Rev. Lett. 40, 223 (1978); Phys. Rev. Lett. 40, 279 (1978) Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1791 (1977)

* Predicted by many models beyond the SM and proposed to be a cold DM candidate.

Phys. Lett. B 753, 482 (2016)
* ALP production at ee” colliders

" ALP-Strahlung process = Radiative decay process
Phys. Rev. D 52, 1755 (1995)

a

JHEP 06, 091 385 (2019)

m> 2\
BUW - ya) = L g2 |1- D | BU - ete)
32w my,
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Search for ALP via radiative J /1 decays at BESIII

Phys. Rev. D 110, 031101 (2024)

« 1019 J /1 events

* Extract signal from M., distribution J/P

. . . . ape . * ULontheBFof B(J/Y — ya) X B(a = yy)
Maximum signal significance: < 30 (3.6~53.1) x 10-8@ os% cL

T
brimrm s

6 [tememid 3 Jly—>m, noyy MC I:I Wy—yd, oy MC
,._\10 = NNNNAN Jr‘tv—>mﬁnn—>'ﬂMC St /Y=Y MYy MC =
[ y— MC | [fy— MC -
O IR S, casson oy o e M e 10-2
> =" QED background e'e sy F=] Combinedbackground =~ —= .
O ——e— J/y data 3 3
O 4 M T ATy ) 3| :
3 3 | K =" ' ] 3
S i e | © 10
3 i TR ek . 3
et 102 ' F 2 = ] o
9,2 . H . BESIII (J/w)
o ' —E --------- BESIII (y(3686) data)
— Observed limits (Jhy data) 10-4
. , L e Expected average limit Beam dump
O ' o] [ Expected limit (+70) L [ I R
s 1.2 ] P I I Expected limit (t20) 1073 102 101 10° 10!
S ] 0.5 1 1.5 2 2.5 2
% 1 ....~.. - Ll *ﬁ.!'.! w:,.‘n&’p .-ﬁ‘ 9..':&'0:" - m, (GEV/CZ) m, (GeV/c?)
0 ]
0.8 05 1 15 2 25 3 : : '
: (GeVicd) - * New stringent constraints on ALP-photon coupling

for 0.18 < m, < 2.85 GeV
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Dark photon

Simplest extension of the SM = An extra Abelian gauge group, U(1), = dark photon

=== =

1

1
Dark |
sector :
|

matter

ToED O vk

1
SM :
]
1

P T T

} ) }
Massive dark photon Massless dark photon

arises when the symmetry of the additional Abelian

gauge group is spontaneously broken Symmetry remains unbroken

A g :
’ Au A# AN
= Massive dark photon -
ge / = Coupling with SM fermion / ]
e € = Strong constraint & / -
EE ™
® ® N y

B. Batell, et al, PRD 79, 115008 (2009);
R. Essig, et al, PRD 80, 015003 (2009)

Massless dark photon

No direct coupling with SM fermion
Less constraint

Also, important role in dark sector

1 ~ _
'CNP _(C%QJGMPM;(H —|— CDq 'O’LwdkH + Cékl'()"uyekH —+ HC)F;W

) J Jk1] J
ANP f' -

A dimension-six operator has been proposed to provide a connection between SM fermions and the massless dark photon

= Naturally allow the FCNC coupling PRL 94, 151802 (2005) v

u

= Less background and higher sensitivity

(a) D" = wy'

(b) D" — yy
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Current status of massive dark photon searches

Visible ﬁnalﬂs)gates

1072 W g
w (I',I; 8_
Ok = o
H > X
-] = %
o ER g
; S 2
1073 = N
Z N B

_ (@}

10'6 e — = 4 R it
102 10~ 1 10 10 2 v
m(A’) [GeV ] 10 10 g 10
Invisible final state BESIII: PLB 839, 137785 (2023)
102
= BESIII
2 4 u
5 — m,‘r:c | 4
2\/.; ’ 1072 = NAB2 / BaBar
w E P v
104 —
= NAG4
BaBar: Phys. Rev. Lett. 119, 131804 (2017) 100 | | |
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Search for a massless dark photon in D° —» w/yy’

= Search is based on 7.9 fb-! ¥(3770) data using a double tag (DT) technique

= The signals of the massless dark photon are extracted from a fit on the

distribution of missing mass square

-
M miss
x10° D° - wy’
. —3— Data
~ 25 40
% [ === Total fit
=~ [ — signal 30
< ,E gna 7
% [ momi K:hackgrnund 10
52, 15| Non-KE background o B o
s _ Signal shape T TR R TR Y
g L E Nig=15+ 8
< i
5 | 4 !
; 0.5 C (2) ; ‘\
0 I HMJ N Iﬁ.‘h'n
03 02 0.1 0 0.1 0.2 0.3
M2 (GeV/cY)

B(D? - wy') <1.1x107°
08/26/2025

0.4

Events / 0.02 (GeV?/c%)

=
un

=
=

=
ad

=
[

=
—

— |.'r}-::.m.5. — Ppt — P“}[F}F;/C:‘

D% - yy'

x10°
| —3— Data

[ — = Total fit 15
:_ = Signal 10
- ==t K{ background
Non-K{ background
Signal shape

- N, =6+ 4

5_

(b)

0.2 0.4
M2 (GeV/ch)
B(D° - yy') <2.0x107°
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UL of |[CPHC, @90%C.L. (GeV™?)

o w/y
Signal side
Q Y
PRL 56, 2140 (1986)
£
— ————
e’ e
6 Single tag (ST) side
p— K
> K 7® For D’ meson
— K'mm*m*
—13
10" . n _ ofymd-nd)’ o
- —— Observed UL BV === e (O +1GH)
: sEsEE Expected UL : B(D_’yyr):?rifg}értg(lcj;'l'lmslz)
_ . N ry = HhelAcp\MA "My 2 2
10 E Expected UL #1070 g (4HIGD
C [ Expected UL 20 —
1079 | I
- DM+VS allowed region
- I
107 3 —
- (@)
107"
A-pY' D'>ay' D' —yy'
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X" — p + invisible and QCD axion

* s — dvvisaFCNC process and highly

Decay to SM particle v v
(S%// suppressed by GIM mechanism
s — > d PRD 2, 1285 (1970)
¥toou > w p e BF< 10—11
v - " Rep. Prog. Phys. 86, 016201 (2023)
yt p+ Decay to BSM particle ) m,x1/f, >m, K 1eV
invisible ) h RN\FN 7 r(z* - pa) =
] il 3 2\3 [_1y2 2
S g : — M.+ (1 B Mf) ( Vl) . 0.34
16m\" MZ) IFiql? " |Fl?

Our measurement can set limits on
axion-fermion effective decay constants

PRD 102 015023 (2020)

’ S Massless dark photon
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Search for X — p + invisible at BESIII

= Search is performed via J /3 — %+~ using 10 billion J /1 events using double tag technique
= |nvisible particle with mass hypothesis of zero

= Total energy deposited in EMC by extra photons is used to extra the signal

: = .
250 § Daw C 5 g
[ signal B =
200 (a) ----- Signal shape 108 L E;.r::": _T
= {, 0 = —py s k = N4
E 150 +”—TTT i:;gz:ﬁ(lzsz)' % E \__
:?" + Others from Inc. MC E—_z 2
g 1 =%10" K*—nr’a
& :
0 105
4 + {' E v v vl vl v s vl el il vl
— 2 6 7 8 9 10 11 12 13 14
I bbbty 10° 10" 10° 10° 10 10" 10% 10 10
I B F!, (GeV)
_40 01 02 03 04 05 06 07 08 09 1 . . . s . . .
Eexira (GeV) Competitive limits on the axial-vectorial part of axion-fermion

B(Z* - p + invisible) < 3.2x 1075 @ 90% C.L. ¢tiective decay constant F sa
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Invisible K9 decays

v' SM decays . YA

Y Very rare (BF < 10-19)
FCNC and Helicity suppression
Phys. Rev. D 91, 015004 (2015)

K% ufeft
d

~I

W

v Decay to DM particles

S H' X 5 ' e
K0 > < K H _____ ' Two Higgs doublet model (2HDM)
> 5 BF~0(1079)
d X d 3 Natural Sci. Rev. 1, 5 (2024)

v Ordinary matter particle oscillation

0 or Mirror matter model arXiv: 2006.10746
Ks - Ks BF~0(10~°)
v' Input for CP test Bell-Steinberger relation connects CPTV to the amplitudes of

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

08/26/2025 22nd Lomonosov Conference 2025 17



Invisible K9 decays

> Search is based on 10 billion ] /3 events collected by the BESIII detector via J /1 — ¢KIK decay.

> ]/ = ¢KQK) is forbidden by C-parity conservation.

> K —invisible decay rate can be calculated as,

B(KY — invisible)

N, signal

%ﬂ' (ESigDal/Enon—ﬂ+‘n’_)

Backgrounds from four-pion
and non-phi backgrounds are
subtracted

JHEP 05, 092 (2025)

(1-B(K¢—ntr7))

k

60

~ 10 x10° T ‘l/ T
]
Q ¢ Data
S Signal shape
@ 8 —Totalfit ]
- -Ke— anythin
= s ything
o Non-¢ ;
S |- ¢ Other backgrounds - _
—
x2ndf = 2.69
b1
5 4 -
—
L
2 ’
"':-T ccnaddnsonoo! v tetats) Tt o
cb 0.5 1 1.5

Eemc (GeV)

No evidence of the signal
production for K —invisible
is found

o : -¢-Data
> | — Fitresult
\@— - Slgnal
> - Background : :
046 048 05 052 0.54
al i
"
—
£ L
g
>
=
0 P s IR N | ssiecsosless
0.46 0.48 0.5 0.52 0.54

B(K? —invisible) < 8.4 x 10~* at the 90% CL (First direct measurement).

08/26/2025
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Dark baryon

) [ [ [ . . . . o« o . . . . .
% Coincidence issue: Similarity between DM and baryon densities: ~ Potential connection between their origins
Pom = 54Pparyon DM may have non-zero baryon number
=
% Neutron lifetime puzzle £
2 bottle
gaan: Tbeam = Tn
" ok | . Br(n — p + anything )
et
88”: .-:-:-:-:-:-:-:-:..-:-:-:-:-:-:-:-:-:- 5 %33%% B (n —_ dark) .-...-1%
875 :_.‘.‘.‘.".‘.‘.‘.Sglntage.‘nilelhod H 5879.4‘.:.‘;0.6‘.5
R R R TRy * Motivates the existence of dark baryon

» B-Mesogenesis mechanism: Can explain the symmetry between visible mater and antimatter and origin of DM.

A =4 A -7 A =y

s Hyperon dark decays

PRD 105, 115005 (2022)

005 100 1.05 1.10 1.15 : 1.20
my [GeV]
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Analysis strategy:

= J/¥ — E*E from 10 billion /1 events
= Double tag method: EY > Art, A->prnt, E- > +y
=y is the dark baryon with an invisible signature with masses of 1.07,

1.10, my, 1.13, 1.13 GeV/c?

= The invisible signal should have EMC energy deposit peaking at

VA {0)

= No evidence of significant signal events

Corresponding Wilson
coefficients CL and
CR . are more stringent
than the previous limits
from the LHC searches
for the colored
mediators

1
®* (Observed UL
1 — Cis = 0.84 TeV ™ - - = Expected UL
4 10 — CE = 0.19 TeV 2 I Expected UL +1c
\Ug‘ Expected UL +2G
S 2
o
5 10
®
-3
5 10
&
A 4
10~
- I i i L i I I I i i I I i I
10 ] |

1 102 104106 108 1.1 1.12 1.14 1.16 1.18 1.2
m, (GeV/c?)

90% C.L. ULon B(E~ -» ™ + x) varies from (4.5 — 76) X 107>

08/26/2025
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Events / (40 MeV)

Pull

UL @ 95% CL (TeV?)

200

Search for dark baryonin & —-m y

180
160
140
120
100

¥ Data

Total fit

Signal [rn‘_= L.O7 Gewie?)
Signal shape

- Z—mAl—nn’)
Cither background

-t
IR ANSRERES +-+--§-;-*-{-U-*- b bt

_40 0.2 0.4 0.6 0.8 1 1.2

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Egnc (GeV)

— T

07 GeViet 1.10 GeV/ie my 1.13 GeV/e? 1.16 GeV/c2 LHC
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Search for an invisible muon philic scalar X, or vector X, via
J/Y — u" u~+invisible

A new type of massive vector meson X, or scalar boson X, may appear in SM extension of the anomaly free gauged U(1)
or U(l)Lu—LT model.

They only couple to the second or third generations of leptons (x, v, 7, v-) with the coupling strength g ;.

The X, can contribute to the muon anomalous magnetic moment and explain the (g-2), anomaly.

2~ (1 - x)(1 - x?) 2 ol 2m2x(1 — x)?
Aa;cafar — g_ﬂz‘f Y ;( 2( y Aaiecror — 9_12 dx : mpx( 2 x)2
8m= Jo my(1 — x)* + mz,x 8m= Jo my (1 — x)* + mz,x
arXiv:1610.06587 (2016)
Can be accessible via J /Y = u*u=X, 4 )
u
M s
= Y

c X,

~ X{} E

c J/
v +

J

A w* JHEP 10 (2020) 207 () :
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Search for an invisible muon philic scalar X, or vector X, via

* Current experimental constraints:

uL g

J/Y — u" u~+invisible

e The g’ space with Z' — u*tu~

10"

10
m,. (GeV)

BaBar: PRD.94.011102

107k

102

CMS

77.3fb"' (13 TeV)

P

—— Observed

Expected

B Expected (68%)

Expected (95%)

sriexlosaatlosabores e b pe g

PP — Z'up — 4y
B(Z'—up) = 1/3 1

1
10

20 30 40 50 60 70 8¢

m(Z') [GeV]

CMS: PLB 792, 345

PRD 109, L031102 (2024)

e The g’ space with Z' = invisible

1

107!

o002

107°

-2) 320

I ., -1 (obs.) 909% CL UL |

L,-L;, BF(Z'— inv)=1 (obs.) 90% CL UL _ |
—— L;-L; expected UL E
-—--L,-L., BF(Z'— inv)=] expected UL
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v" BESIII can contribute to the low mass region

Search for a light muon philic scalar X, or vector X, is performed via J /i — u*u~X, 1 with X, 1 invisible decays using

(8.998 + 0.039) x 10 J/y events collected by the BESIII expefiment.
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Search for an invisible muon philic scalar X, or vector X, via
J/Y — u" u~+invisible

Signal yield is extracted by performing a series of ML fits.
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Search for an invisible muon philic scalar X, or vector X, via
J/P - [,l"' p~t+invisible  PRD 109, Lo31102 (2024)

JHEP10(2020)207
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Summary

» Top priority is to search for new physics beyond the SM .

» BESIII plays a unique role to search for dark sector from e*e- collisions at the tau-charm region.

» A series of searches for invisible decays, dark photon, ALP and muon-philic particles have been performed at BESIII.
» Only null results are available so far.

» BESIII limits exclude a large fraction of the parameter space of the new physics models beyond SM.

» More results is expected to come in the near future, especially with recently collected 20 fb-! of ¥/(3770) data.

Chin. Phys. C 44, 040001 (2020)
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