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Motivation

+» Standard Model (SM) is incredibly successful, it is well tested by many experiments

¢ But, it can’t be considered to be theory of everything Current status of anomalous magnetic moment
o Tensions with some experimental measurements: 4 200 Q,_}
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
Naturalness and stability, g-2, W mass, Ry, Ry, Rp+, ... ¢ =G >
@ +—eo—t
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
- ! |
o Unable to explaln. iponic ey A = Lat:ce R
BMW (;ollab.
Existence & mechanism of dark matter and dark energy P
Baryon asymmetry of the universe

17.5 18.0 18.5

Neutrino masses and oscillations, hierarchy

190 195 200 205 210
a,x10° - 1165900

D. P. Aguillard, et. al. (Muon g-2 Collaboration)

arXiv:2308.06230

Real opportunity to search for new physics beyond the SM
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New physics search approaches

EXxotic particles

Very rare decays

Symmetry

@ LFV processes

BNV & LNV processes N

\0 Other symmetry violation)

( ®FCNC processes

\0 Other rare decays

# Charmonium weak decays

N

/

Very rare
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Invisible signature

Muon philic vector/scalars

Dark matter portals
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Standard Model

Hidden Sector
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Dark matter portals allow the connection between the
SM particles with the dark matter within a ‘dark
matter hidden sector’ model

arXiv:1311.0029 (2013)

€
~eoso B it vector portal A’ kinetic mixing with y, Z
w
Lo (up + 21p>)HH, Higgs portal Dark Higgs (mixes with SM Higgs)
YaLHN, neutrino portal Sterile neutrino
a o3 -
f—Fqu ’, axion portal Axion, coupling to DM
a

® Can be accessible by high intensity e‘*e-
collider experiments, such as BESIII
experiment, if their masses are a few

GeV
4



BESIII Experiment

A symmetric electron positron collider running at tau-

charm region. Super conducting magnet

v' 1 Tesla
[Nucl. Instrum. Meth. A614, 345-399 (2010)]

Time of Flight (TOF)

« 2 layer plastic scintillators

* o1 = 68ps(barrel)

* o1 = 110 ps (endcap) (~65 ps
after upgradation with MRPC)

- | 2 « Particle id
] —_z, 3\°
f ] Muon system
S “l\ ' « 9layersof RPC
‘ 4- -
RN e | « P>400 MeVl/c
et & A o - SRp~14-1.7cm
_ _ Electromagnetic calorimeter (EMC) (Csl(TI))
Multilayer driftchamber (MDC) — 6240 crystals overall
« He/C3Hg (60/40) * o(E)E = 2.5%
« 43 layers * oz4(E)= 05-0.7cm

«  Momentum resolution op/p = 0.5% @ 1 GeV

. Spatial resolution ey, ~ 130 pm. Will replace the inner part of the drift chamber by the three layers of CGEM

detector in the coming years.
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BESIII Dataset

A Mark-I
Mark-1 + LGW

B Mark-II

® PLUTO

¥ Crystal Ball
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Collected world largest data in tau-
charm region

v Charmonium spectroscopy
v Charm physics

v" Light hadrons

v New physics search

GOOD OPPORTUNITY TO
STUDY THE LIGHT HADRON

SPECTROSCOPY & SEARCH
FOR NEW PHYSICS
PHENOMENA!



Weak decays of J /¢ meson

J/1 — D™ eTv. JHEP 06, 157 (2021)
J/Y - D uty, arXiv:2307.02165 (2023) (This talk)

no — 40 0
J/9 — Dte~ Phys. Rev. D 96, 111101(R) (2017) J/b > D7XX=m,1,07) arxiv:2307.07277 (2023)
J/W->D7Y(Y=n",p") (This talk)

J/Y — D7 e ve Phys. Rev. D 90, 112014 (2014)

J/¢ — D% etv, Phys. Rev. D 90, 112014 (2014)
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Charmonium weak decays

« Charmonium weak decays are allowed in SM, but highly suppressed by strong
and EM decays.

» The branching fraction of inclusive weak decays /iy — D((:))X (X = pion or

lepton-pair) is predicted to be at the level of ~ 108
J. Phys. G: Nucl. Part. Phys. 44, 045004 (2017)

« But contribution of new physics, such as Top-color model, MSSM, two-Higgs
doublet model, could enhance the branching fraction up to the level of 10-.

PLB 345, 483 (1995), PLB 119, 136 (1982), PRD 15, 1958 (1977) cCurrent experimenta| results
« Semi-leptonic weak decays: J /Y — D¢t v,, J/P — Dg*)_ﬁv{) E . Expe. UL
8 | ---Theo.UL .
_ St .
» Hadronic weak decays: J/ —» D°X (X =% n,p® and J/p - DY (Y= = | |
rt, pt) | e . |
) 107 = I
) i - I
C .- -+ ~ C & > - i u L I
. J/'ﬂi’: . D q 7 3 » 107 ? 4 X 10—8 . —:—
11,r57<ﬁ+ ' | Inclusive weak BF |
i ‘ . > d -8 . | . |
vy & B - £ Fid ) e 10 Jy—De'v, Jy— D-S'cse"ve Jy—D%'e  Jy—De'v,
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Search for the semi-muonic charmonium decay J /4 - D" u*v,,

> Expected branching fraction of /4 - D~ u*v, is at

the level of 10-11
Eur. Phys. J. C 54, 107 (2008)

Phys. Rev. D 78, 074012 (2008)
Adv. HEP 2013, 706543 (2013)
Phys. Rev. D 92, 074030 (2015)
J. Phys. G: Nucl. Part. Phys. 44, 045004 (2017)

» Perform the first search for the rare semi-muonic
charmomium decay J /1 — D~u*v, +c.c. using 10

billion J /1 events collected by the BESIII detector.

> Perform one-constraint (1C) fitfor D~ - K*n~n~
reconstruction.

» No significant signal event in found in U
distribution.

miss

» Set an upper limit of the branching fraction at 90% CL
B(J/y — D~ utv, +cec) <56 x1077

1/01/2024 QWG-2024 at IISER Mohali

Events / 2 MeV

e

gy [  — — TotalFit —4— Data

- — Signal — - Signal MC (B=4x10")
60 B = Background Inclusive MC

" N_ =35 +28

L sig
w#g“ﬁ‘
20 | l

0 : I{_..-.—"'I"\__._-n- R e

0.02

arXiv:2307.02165 (2023)

Umiss = Fmiss — |Pmiss|c

|Priss| = [0 — Pp- — P+ |

Dominant backgrounds:
J/y — K n~ntn (n°)
Jp - K"K ntn~
J/p — ata-ntand
J/v - K n ntrn  Ki
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Events / (0.0025 GeV/c?)

Search for weak decays of J/¥ — DX (X = n¥0 n, p=9)

The 10 billion of BESIII /v data has also been utilized to arXiv:2310.07277 (2023)
search for weak decays J/¥ — D°X (X = n%n,p®) and

J/ - DY (Y =1+, p*). ¢
@O |

Semi-leptonic modes of reconstructed D candidates:

DO — Kte v, D~ — Kg,e_.b?e 0 “

T
Perform one-constraint (1C) fit for #®/n — yy reconstruction. et

No evidence of significant signal events in accepted candidates to the recoiling mass spectra
g 30
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m | Jw— D] @ | oD
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Events / (0.0025 GeV/c?)

Events / (0.0025 GeV/c?)

Events / (0.0025 GeV/c?
=

Events / (0.0025 GeV/c?)

18 1.85 1.9 1.05 18 185 19 195 18 185 19 195 18 185 19 195
Recoil Mass (yy) (GeV/c?) Recoil Mass (yy) (GeV/c?) Recoil Mass (') (GeV/c?) Recoil Mass (') (GeV/c2) Recoil Mass (yyn) (GeV/c?)

Set 90% CL upper limits on branching fractions
B(J/v — D70 +c.c.) < 4.7 x 1077 B(J/¢Y — D%+ ce) < 6.8 x 1077  B(J/¢p — D% + c.c.) < 5.2x 107

B(J/¥ — D=nt +c.c) <7.0x 1078 B(J/¢ — D pt +cc) < 6.0 x 1077
1/01/2024 QWG-2024 at IISER Mohali 10




Status of J /i weak decays after new BESIII results

New physics
10—5 ol i RS0 P A BRI B S DS S & o o e i e D e D e B S B A i e il e e s e s S T i S e B R S SR SN AR
: models
PLB 345, 483 (1995); PLB 119, 136 (1982); PRD 15, 1958 (1977)
T °
X g
S 10754
2 :
E * . ’
g
1077 ! o
4%x10°8 ‘ %
Inclusive weak branching fraction
10°8 T T T T T T T T T T
D;e*ve D;-e*v. Dle*e- D e*v, D u*y, Don® D°n D°p" D~n* D~ p*
Weak decays of J/y
1/01/2024 QWG-2024 at IISER Mohali

Exclude large fraction of the
parameter space of the new physics
models.

Future J/y data to be collected by

super tau-charm factory may prove
or disprove the SM predictions.
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Exotic particles searches at BESII|
Dark Matter portals

N~

! l

Axion-like particle (ALP) Light CP-odd Higgs boson Dark photon
viaJ/¢ - ya via J /i - yA° |
a) With ¥(25) data | ) l
Phys. Lett. B 838, 137698 (2023) l l J/¥ — Un(’) decay ISR process
, Visible (di-muon) decay invisible decay PRD 99, 012013 (2019) .
b) With ]J/y data PRD 99, 012006 (2019) PLB 774, 252 (2017) (visible)
PRD 105, 012008 (2022)  PRD 101, 112005 (2020) ’ o
Preliminary result (T his talk) PRD 93, 052005 (2016) PRD 102, 052005 (2020) ~ PLB 839, 137785 (.2 023) (invisible)
PRD 85, 092012 (2012) (This talk)
Fully invisible decays Search for massless dark photon

PRD 106, 072008 (2022) (This talk)

,, l l

Invisible decays of A baryon Invisible decays of  Invisible decays of ~ invisiblemuon philic | Sagrch for heavy Maj orana neutrino

! scalar or vector meson
PRD 105, L071102 (2022) ~ @/¢ mesons 1/1 mesons
PRD 98, 032001 (2018) " 1D 87, 012009 (2013) PR(DTlﬁ?éLE;}ﬁ)Z (2024) PRD 99, 112002 (2019)
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Search for an invisible muon philic scalar X, or vector X, via
J/W — ut pu+invisible PRD 109, L031102 (2024)

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, ) with the coupling strength g ;.

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

Aasc‘afar _ i ld mff(l —x0)(l - JC2) 1 Qmﬁx(l - x)2

2
— Aauecmr — gl
H 872 Jo  mi(1 - x)2 + mix # 872 Jo  mi(1 - x)2 + mix

arXiv:1610.06587 (2016)
Can be accessible via J /) = p"u= X1

7
M s
¢ Y
C Xl
N X, =
¢ JI
s u* JHEP 10 (2020) 207 (b) W

1/01/2024 QWG-2024 at IISER Mohali 13



Search for an invisible muon philic scalar X, or vector X, via
J/Yp - ptu+invisible prD 109, L031102 (2024)

» Current experimental constraints:

e The g’ space with Z' — u*u~ * The g’ space with Z' — invisible

1

107!

------ Expected

10—1 = B Expected (68%)
- Expected (95%)

B2 1(ZYym(Z') > 0.01

I L, -1 (obs.) 90% CL UL ]
Ly-L. ., BE(Z— inv)=1 (obs.) 90% CL UL _|

Belle I 2018

2 103 ——L,-L, expected UL
w E PP — Ziup — 4y | .[ Laf =276 PO T\ nre-s inimt expocted L

B(Z'—>l»lll)=1/3_ I...I....I....I....I....I....I....I_
X I e 1 ] 107 5= 2 3 4 5 6 7 8

10 “~90 20 30 40 50 60 70 8 M. [GeV/c?]

m; (GeV) m(Z') [GeV]
Belle Il: PRL124 14, 141801
BaBar: PRD.94.011102 CMS: PLB 792, 345

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 107 J/y events collected by the BESIII experiment.

1/01/2024 QWG-2024 at IISER Mohali 14



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.

—+— Data

o
Q

X, search

Ny :17 =16

— - Signal

Events /0.010 (GeV¥/¢c*)
(8] Y
| LI | LI I T

....... Jf‘l_p—b l-"l'+l-"l'—
---ete— utw
--- Jhp— hadrons

-0.2 . _U = b.1
RM2(u*w) (GeV2/c?)

RM?*(ptp~) = (pyjy — pu+
1/01/2024
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Search for an invisible muon philic scalar X, or vector X, via

“vanilla” L, — L. model

BESII

gpepll

Belle Il

o |
k"
: (92), £ 20

—— NAG4-e
g - CCFR — — Belle
- - - - Borexino BaBar
CMS (95% C.L.)
—5 IIII| IIIII IIIIII L L L il
" 1 10 107 10°
M(X ) (MeVic)

B(Xo1 — vV)~(33 — 100)%

1/01/2024

BESIII

1[]'3_r

— Belle Il

10 — NABd-e

10—5 1 [ 1 -
1 10 1° 10

M(X1) (MeV/c?)

QWG-2024 at IISER Mohali

J/Y —» u"u~+invisible

“invisible” L, — L, model

10

10

PRD 109, L031102 (2024)

JHEP10(2020)207
“scalar” U(1) model

BESIII
(92,220
III1|[] | | IIIIIIIII}2
M(X ) (MeVic)

X, is long-lived with displaced
decay or predominately decays
to invisible particles

16



Search for an Axion-like particle =&

ALP-Strahlung process
An Axion

 Is a pseudo-scalar particle

 introduced by the spontaneous breaking of Peccei-Quinn symmetry
to solve the strong CP problem of the QCD

Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1791 (1977)

Phys. Rev. Lett. 40, 223 (1978); Phys. Rev. Lett. 40, 279 (1978) 2 A2 7y
B g{_,},},r:r.(ﬁ.c) ’
“” 24 -

* An Axion-like particle (ALP) is predicted by many models beyond

the SM and proposed to be a cold DM candidate. Radiative decay process

Phys. Rev. D 52, 1755 (1995)

* couples to a pair of photons with ALP photon coupling g4,

- Experimental bounds on g, with m, range of MeV/c? — GeV/c?
mainly come from e*e- collider experiments

Phys. Lett. B 753, 482 (2016)

JHEP 06, 091 385 (2019)

m> 2\’
B(J/W — ya) = ﬂggw 1 - ”;ﬂ B(J/r — e*e)
2ma my,

1/01/2024 QWG-2024 at IISER Mohali 17



Axion-like particle search with ¥(25) data

: . o Phys. Lett. B 838, 137678 (2023)
* Using 2.7 billion 1 (25) data, BESIII has set one of best limits on —— AR
Jayy Via J/Y - vya 1072

.7 g <
& § rd I >
L7 @ 1073
(285 M‘HV g
N & BABAR
[ \*\ c - -~ g c)m
T ~ [V \
~ ~

PrimEx

ATLAS

BESIII

107

1073 1072

R
m, (GeV/c?)
* The limits can be further improved with 10 billion of BESIII J /1 data, which can include both radiative /Y - ya and

ALP-Strahlung process ee™ - ya.

LB

0

Expected pollution of ALP-Strahlung process e* e~ — ya in ]/ data

Cross-section of radiative process: a-j;““’ = fj—::“”.ﬂ(.ﬂw — va)
17
JHEP 06, 091 385 (2019)

o, /o’ is calculated to be 0.044.  (To be considered as systematic uncertainty)

{

1/01/2024 QWG-2024 at IISER Mohali 18



Search for an Axion-like particle ="

Select at least three photon candidates in the EMC barrel region

A four-constraint (4C) kinematic fit is performed to improve the
mass resolution.

Important selection criteria:

« EMC time difference between two photons: —500 <
At < 500 ns

* Xic <30
* x5c(3y) < xic(ny) (n=2,3,4)

* Energy difference between third and first (second)
photons > -1.46 (-1.41) GeV

« Absolute value of azimuthal angle difference between
third and first photons larger than 1 radian.

1/01/2024 QWG-2024 at IISER Mohali

Events/(0.031 GeV/c?)

Di-photon invariant mass spectrum with all the

three

combinations of photons after vetoing the Jj/yY - yP (P =

% n,n',n.) backgrounds

6 [ Lo dysm aohyMC T T T T T ] Iy, by MC T
10" & S Jy—, nyy MC T ayem nopMC S
— |: :] Jhy—yrn® MC Lo J J;‘w—)m MC =
— J"’W_)Yf{-f (1350), £ (1950)), f=>yy MC ="~ ""| Others from inclusive J/y MC —
E C....l) QED hackground e ey Combined background -
— —&— J/y data =
10" K
_O' : S j
E . T =
S b P S —
M - N\ |:
10° 5
1.2 ‘—:
©) =
1.1 —
= =
- e
8 1 = % —
0] - -
O 09F —
0.80_ 3 =
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Search for an Axion-like particle .

95% Contfidence level upper limits on product 95% Confidence level upper limits on ALP-photon coupling
branching fractions
| | | | |
10° | : Sn — 10-2 =
u . =
- - o0
i i E
~ a
| | % é
O 1073 1 L
— — S ] O
[ ] o
S —— BESIII (y(2S) data) T ' W\
ES| — Obsecyed s Uy oo ALY
@ Expected limit (68%) TN ESIII
| | ! Expeclted limit (9:5%) :
1 0.5 1 15 2 25 e e o A
m, (GeV/CQ) 103 102 10~1 10° 10!
m, (GeV/c?)
New BESIII measurement has 8-9 times improvement than New BESIII measurement has an improvement by a factor of
the PfeViOUS BESIII measurement 3 (5) over previous BESIII (Beﬂe—H) measurement,
. Phys. Lett. B 137678 (202
arXiv:2308.15486 (2023) ys. Lett. B 838, 137678 (2023)

Phys. Rev. Lett. 125, 161806 (2020)
1/01/2024 QWG-2024 at IISER Mohali 20
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Invisible decays of dark photon

e This search is based on 14.9 fb™! of e*e™ annihilation data taken at

center-of-mass (CM) energies from 4.13 to 4.60 GeV.

Dark photon search is explored via Initial-State-Radiation (ISR)

production (e*e™ — vy’ ), Where y,¢¢ IS an ISR photon.

Energy of monochromatic photon:

) 2 4
5 s —mZc
ISR —
NG
FO
="~ B0
(ﬂ_'.):- 50 —+— Data Vs=4.226 Ge\/
— — — signal mi{y’)=2.6 Ge\
= 40 - - - background
—
= 30
=
% 20
—
Ll 10
2 M W LT ik e
q_3 1.4 1.5 1.6 1.7 1.8
Elv, ) (GeV)
FO
= 60
('“_.j" 50 —— Data Vs=4.416 Ge\
— — — signal mi{y")=2.6 Ge\
= a0 - === background
—
= 30
=
E 20
—
Ll 10 -
-_.._..__ﬂ—-—-r—T_.“":h..i'u x s T
q_3 1.4 1.5 1.6 1.7 1.8
E{?ISR} (GeW)

1/01/2024

¢ hypercharge mixing strength

Standard Dark
| \/)/
Model |4 Photon

102

3 E787,E949 BESIII

- (§-2) Tavor
107° = ' /\ BaBar

WL /

107" =
107° =

: | j IIIIII| [ i IIIIIII | [l IIIIII| i i I |

10° 102 10" 1 10
m,. (GeV/c?)
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Search for a massless dark photon in AL - py’

« A massless dark photon y' is predicted by the BSM via spontaneously broken of Abelian

group U(1)p.

which are highly suppressed in charm-sector

S. L. Glashow, J. lliopoulos, and L. Maiani, Phys. Rev. D 2, 1285 (1970). Ac u
Search for a massless dark photon is conducted using 4.5
fb-! of data collected at CM energies between 4.6 and 4.699

GeV.

250 AR RS R AR AR RAAE
- 4+ Data (a) 1
‘Eﬂ 200 :— B A - PK_U_ _:
> - B8 other A;A, background ]
g 150 E— — :ﬁ biiTkgnJund _

& igna
o - :
*E 100 :— _:
2 _F |
50 E

0 02 04 06 08 1 12 14 16 18

Mfecﬂ_ N (GeVZ/ch)

Events / 25 MeV?/c4

B. Holdom, Phys. Lett. B 166, 196 (1986)
B. A. Dobrescu, Phys. Rev. Lett. 94, 151802 (2005)

Massless dark photon y’ may enhance the branching
fractions of flavor changing neutral current (FCNC) decays, ¢

w

k

L J

PRD 106, 072008 (2022)

10 hadronic decay modes

\l/
o

Double-tag
u
et e~
u p
d

R
C 4 Data ]
10 — + 0 (b) =
B A & pKL i
s m other A}A, background k
" &3 q background ]

6 :_ Signal 'E
- w -
4 =

0 0.025

0.05
(GeV¥ %)

0.075

5
r\dn’.c(xE p)

90% C.L. upper limit %(Aj — p;/f) < 8% 107
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Events / 1.25 MeV/¢2

0.1

100 ﬁ 3

U P R f L Pt L

224 226 2.28 23 224 226
Mg (GeV/e?)

P
2.28 2.3
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summary

Rare decays of charmonium mesons are sensitive to new physics beyond the SM.
Recent BESIII results related to the weak J /4 decays are consistent with the SM predictions.

Future J /1y data of super tau-charm factory may prove or disprove the SM prediction of the weak decays of
charmonum mesons.

BESIII has set one of most stringent limits on Axion-photon coupling in the range of [0.18, 2.8] GeV.
BESIII has also put the competitive exclusion limits on other dark matter scenarios.

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



1/01/2024

Thanks!
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Search for an Axion-like particle ESlI

Product branching fraction (BF) versus m

a
Signal yield is extracted by performing a series of N
- ol - - N B(J/1 — va) x Bla — vy) = —2
maximum likelihood (ML) fit to the di-photon invariant v =N
mass(m,,,,) spectrum a0~ T @ T -
T T T T T ] 201 —
| g :
o™ —
O O ]
S 1000 I -
£ 20} -
T | | 82 aF -
%) = IR — L, ptai M P A S I A Y g =
S I ] S5 2 () SRR
LLI - 7 w -4 = , , , , . —
- . 0 0.5 1 1.5 2 2.5 3
C T © m_ (GeV/c?)
2.7 2.75 2.8 2.85 Maximum local significance = 3.5¢
m,, (GeV/c?) Corresponding global significance = 1.6c

No evidence of axion-like particle production.
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