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The Standard Model and Beyond

* The standard model of particle physics is an extremely

successful theory of fundamental interactions

Photon Gluons

* “Particle physics is at a crossroads”
1. Theory motivations: such as Hierarchy problem(s), origin of SM
symmetries, particle mass hierarchies, too many free parameters

2. Experimental "issues’: strong CP problem, neutrino oscillations, dark matter, dark energy,
matter-antimatter asymmetric, decays of bottom-quark hadrons ....



Motivation of “dark sector”

Dark Energy
72%

The presence of cold DM
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* Its existence provides a strong hint that there may be a dark sector, consisting of particles
do not interact with the known strong, weak, or electromagnetic forces



“Portals” between Standard Model and dark sector

v’ Dark sectors typically include one or more mediator particles
coupled to the SM via a portal

Portal Particles Operator(s)
“Vector” | Dark photons _mB/wF’W
“Axion” | Pseudoscalars ]?—QFH,,?“”, Jf‘—aGmyéf", %@_ny“'yf’w
“Higgs” | Dark scalars (uS + AS?)H'H
“Neutrino” |Sterile neutrinos yvnLHN

v These new particles can be accessible by high intensity
et e collider experiments, such as BESIIl experiment, if their
masses are in the MeV-GeV range
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Data samples at BESII|
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\/Largest ete™ annihilation data sets in T — ¢ energy region
v’ World largest: 10-B J/W, 2.7-B l/)', coming 20 fb_1 l/)” data samples. Chin. Phys. C 44, 040001



Exotic searches at BESII|

—

New Physics
Symmetry violation,
Rare decays,
Invisible decays,

~ Exotics

* We focus on the visible decay of (dark photon, light higgs, axion-like particles) searches in this
talk

* Electron-positron colliders are suitable for exotic via either the

direct production or decays of hadrons



Topics 1n this talk

* A review of the exotic visible decay at BESIII

v’ Dark photon ()/’) search:
1. via J/W-syny sete”
2. viaJ/w-oyn,y m»ete”
3. viaete sy yp v = T

v’ Light Higgs boson (AY) search:
1. viaJ/P - yvA°, A - utu~

v’ Axion-like particle (a) search:
1. Search for axion-like particles using Y(2S) data
2. Search for axion-like particles using [ /1 data



An introduction to the “dark photon”

* As a “Portals” between Standard Model and dark sector, the dark photon field Vl'l couples to
the SM photon A, via kinetic mixing:

e p e

standard Model Dark Sector
tandard Model |~ y(4), u(), Gp

€ eA:L J ]SM SIS TN AVAVAVAVAN \VAVAVAVAY

Higgsed: W), hy, ...
OR
ponfined: Np, Wo, -

. J

e ¢ values in the 10712 - 1073 range have been predicted in the literature

* A MeV-GeV scale dark photon could explain the features of astrophysical observations, and
the anomaly of (g —2),......



Dark photon searchvia J/Y - y'n,y' > eTe”

PRD99, 012006 (2019)
Data: 1310.6 + 7.0 X 10° J /1 events

Search for dark photon via electromagnetic dalitz decay, € et
where € = a /a and « is the fine structure constant in , A <
the dark sector e

Jy

R
J
1 Reconstruction: n = Yy and N — VT Al // \
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Event selection:

1. Two /four charged tracks with zero net charge;

2. PID algorithm is performed to identify electron;

3. Suppression of gamma conversion events;

4. 1 > Yy mode: | cos Opeixl < 0.9 (eTe™ -
yete) ;



I: Dark photon searchvia J/yY » y'n,y' - ete”

PRD 99, 012006 (2019)
v m(ete™) and 7 signal:

within the 7 signal region
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I: Dark photon searchvia J/yY » y'n,y’' - ete”

v Search for dark photon signa m(e+e_) ,

dB(J/y—eten)/dq (GeV/c?)'
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PRD 99, 012006 (2019)

Exclude the w and @ mass regions for the )/' searches
The 90% CL upper limits on € vary in range of 1072 - 1073 in 0.01<m(ete™) <2.4 GeV
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II: Dark photon searchvia J/y - y'n',y’ - ete”

PRD 99, 012013 (2019)
e Data: 1310.6 + 7.0 X 10° ]/ events;

* The event selection criteria is similar to J /Y = ¥'n work e’ e*
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II: Dark photon searchvia J/y - y'n',y’ - ete”

PRD 99, 012013 (2019)
v’ Search for the dark photon signal :

1. The dark photon is searched for by looking for a narrow ° N <e
resonance peaking in 0.07<m(e¥e™) <2.13 GeV R e
2. Peaking background region (w, CP) are excluded m
e- n’

within the 77' signal region
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II: Dark photon searchvia J/y - y'n',y’ - ete”

v'  Dark photon search result :
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The 90% CL upper limits on £ vary in range of
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Worse than existing stringent experimental results



IIl: Dark photon searchvia ete™ = y'ygr, ¥ = [T1™

Data: 2.93fb™! data taken at 4/S = 3.773 GeV

* Both of ete™ = yigr e¥e™ and yisg #1u” are studied

Event selection:

1.

a A W N

Two charged tracks with zero net charge;

Tracks are required to be 0.4 <6 <t — 0.4 ;
Pt of each tracks above 300 MeV/c;

PID for muon : P([L)>P(e);

statistics ;
1C fit ....;

Polar angle of leading
order ISR photon.

Electron: E/p>0.8c;
Use an untagged photon ISR photon method to increase

events /10 mrad
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IIl: Dark photon searchvia ete™ = y'ygr, ¥ = [T1™

PLB 774, 252(2017)
v m(ete™) and m(uT ™) distributions:
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* Dominant QED backgrounds: ete™ — y;op 111~

* Below 1.5 GeV/C? the T[+7T_)/15R cross section with muon misidentification dominates the
m(,u+,u_) spectrum. Above 3.4 GeV/c 2 the hadronic qq process can not be suppressed
sufficiently by the X%C requirement

* The mass range around the narrow J/y resonance between 2.95 and 3.2 GeV/c? is excluded 16



IIl: Dark photon searchvia ete™ = y'ygr, ¥ = [T1™

PLB 774, 252(2017)
v’ Search for A narrow structure in m(l*Tl”) spectrum:

The combined differences between the Y;sp ete™ and VISR ,Lt+,u_ event yields, and their
respective fit results
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The observed statistical significances are less than 3o everywhere in the explored region



IIl: Dark photon searchvia e*e™ = y'yqr, ¥ = [T1™

PLB 774, 252(2017)

v’ Calculation of mixing strength &€ :
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* This is a competitive limit (10™%* - 1073) in this
dark photon mass range
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An introduction to the light higgs boson

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

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

can alleviate the so-called “litte hierarchy problem”
s tanf=10, u=150 GeV, M, ,3=100,200,300 GeV

ot
* The lightest state of the Ay is defined as:

Ag = cos by Ayssm + sin G4 07 (] i VAO)

4—] 4—] 5 :_
Non-singlet Singlet 1078 | \ /
5=

B(V —~A% Grm2g2Cqcp (1 B mio)
B(V —I+-) V2ra 2 )’ 10-9 L

my,
gC :COSHA/ta,nIB( -C—) 5-.II—(l).5|IIIO?OIIIIO{5II

a, non-—singlet fraction (cos@,)

* If m(Ap) is smaller than two charmed quark, / /1) — 7 A" is accessible
19



I: Light Higgs boson search via J /i — yA°, A° - utu~

PRD 105, 012008(2022)

* Data: 9 bilion /Y events
« B /Y - yA®) is predicted to be in 107° — 1077

* Event selection:

Two charged tracks with zero net charge;
EEMC /P <0.9c, 0.1 <EEMC<O'3 GeV;
MUC information to identify muon track;
4C kinematic fit;

Reject fake photon by requiring m(u+/,t_)<3.04 GeV/C?;

o v oA W N

20



I: Light Higgs boson search via J /i — yA°, A° - utu~

v’ M,..q distribution:

PRD 105, 012008(2022)

Myeq is used to model the non-peaking background across the entire mM(Ag) region

more easily
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Several peaking background:

J/Y - p/w

]/ = vf2(1270)/ £o(1500)/ fo(1710);
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I: Light Higgs boson search via J /i — yA°, A° - utu~

PRD 105, 012008(2022)

v' Ag Search:

A series of one-dimensional unbinned extended maximum likelihood
fits to the M4 distribution
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* The largest local significance is 3.50 at m(Ag)= 0.696 GeV/c? The corresponding global
significance is 1o.
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Light Higgs boson search via J /1 — yA?, A° - utu~

v’ Result of light higgs search:

PRD 105, 012008(2022)

90% C.L. upper limits of B(J/p = yA?)x B(A° - u*u~) is (1.2 — 778.0) x 10~°
lower than the theoretical prediction at the threshold

This result has an improvement by a factor of 6-7 over the previous BESIIl measurement
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The is slightly better than the BaBar measurement in the low-mass region for tan B = 1.0



Axion-like particles in radiative J/{ decays

v’ Axion-like particles (ALPs)

* Pseudo-Goldstone bosons arising from some spontaneously broken global symmetry addressing

the strong CP or hierarchy problems. Also proposed as cold DM candidates

* The ALP-photon coupling Gayy is mostly discussed — ALP decays
to two photons

* Independent mass and coupling bounded by experiments — M ;~ 0(GeV)
mainly from electron-positron colliders

Non-resonant ALP production

I/

24



|. Search for an axion-like particle using 1)(3686) data
PLB 838, 137698(2023)

* Data sample : 2.7B 1(3686) events

B(J/Y = va)  Miy , (1_ m )3

-\ 9a 2
B(J/Y —ete) 32ma”*" m3 .,

v’ Search for [/ = ya,a = yy with YP(3686) — ™ ]/ decays

* a has negligible decay width and lifetime in 0.165 = m, = 2.84 GeV/c?
* 1P (3686) decay -> preclude the pollution from non-resonant production and avoid QED background
* Three Yy combinations per event, exclude intervals around Y, n, n’ peaks
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Search for an axion-like particle using 1)(3686) data
PLB 838, 137698(2023)

v Signal extraction

Fits are performed to the M(yYy) to determine the in the mass range of 0.165 <
Totally, 674 mass hypotheses are probed, exclude intervals around T[O, n, n° peaks

The local significance are less than 2.60 for all mass point
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|. Search for an axion-like particle using 1)(3686) data

PLB 838, 137698(2023)

v’ Upper limits
* 95% confidence level upper limits on B(J /1) — ya) are determined a one-sided frequentist profile-likelihood
method
* The observed limits range from 8.3 x 1078 to 1.8 x 107®in 0.165 < m, < 2.84 GeV/c*

* The exclusion limits on the ALP-photon coupling are the most stringent to date
_\/ B(J/v — ~a) m2 327 Qe
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Il. Search for an axion-like particle using J /1 data

BESIII preliminary

v’ Data sample : 10B J /1 events

v’ Exclusion limits can be further improved using 10 billion of BESII J/Y data

— gczzy'ya"(h-c)z (1 m2
v’ Search for |/ = ya,a = yy decays et T

Expected pollution of ALP-Strahlung process ete™ - ya is 4.4% (sys.err )
* Select at three photon candidates in the EMC
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Il. Search for an axion-like particle using J /1 data
BESIII preliminary

v’ Signal extraction:
* The search for a narrow a resonance in the mass range of 0.18 = M, = 2.85 GeV/c?

* Global significance less than 1.60 Ng;

B(J/v — va) x Bla — yy) = ——>—.
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Il. Search for an axion-like particle using J /1 data
BESIII preliminary

\/Upper limits:
* BF: UL on 95% CL (3.6 — 53.1) x 1078 in 0.18 < m, < 2.85 GeV/c*

8-9 times improvement over the )(3686) measurement
* Most stringent limits on the ALP-photon coupling in the searched region
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Summary

v’ BESIII plays an active role on searches for a variety of exotic particles:

* direct production or decays of hadrons

+
* Dark photon (y' = [T]7) l /%
* Light higgs (A° — utu™) I~
* ALPs (a = VYY)
direct production decays of hadrons

v’ Contribute to constraining the parameter space of new physics models within the MeV-GeV scale

v’ More is coming:

* muon philic X0,1, Z’, massless dark photon, X(17), fractionally charged particles ...

Thanks!

4 Looking forward to anomalies, enjoy the ride!
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