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» Designed luminosity (L): » TOF: o = 68(110) ps for barrel (edncap); end
T ’

» 1.00x10%° ecm™*s™' @ 3.89 GeV cap TOF was upgraded in 2015— 60 ps

» In 2022, L reach 1.1times of the designed L » EMC: oz /E = 2.5%(5%) ps for barrel (edncap)
In the future, E_,, will be updated to 4.95-5.6 GeV and the L will increase by 2-3 times
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02 Motivation

Implications of an observation of LNV

» In the Standard Model lepton number violation (LNV) is forbidden — Global U(1); symmetry
» Massless neutrinos: U(1),XU(1),XU(1); is automatic global symmetry

LNYV process

v’ 4™ quark generation PRD 93 094026 (2016)
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> New Physics!




02 Motivation

Open problem: Dirac or Majoranoa?

» Theoretically, “seesaw” mechanism

lead model to accommodate the Not identical
neutrino masses \/
» The mass of an observed light neutrino
is given by: my,~y;v*/m,
Seesaw mechanism Identical

Antimatter

» Majorana neutrino can be manifested through the
LNV decays by AL = 2

/77[) Dirac mass will be the same order as the others. (0.1~10 GeV) > Different AL — 2 processes at IOW and high

m R Right handed Majorana mass will be at GUT scale 10'> GeV

energies have been proposed
[JHEP09,030;PRD87, 077901;CPC39,013101 (2015);PRD98, 096994 ;Front. Phys. 12,121201]




02 Motivation

Most promising way: OvB [ decay

» Only limits on its rates have been obtained

Nucleus M-t, FWHM, BI, BI-FWHM, Tap, yr (m,), Experiment, R
(Qpp, kev) kg-yr keV c/kev-kg-yr c/kg-yr (90% C.L.) meV Detector A110W1ng b Ounds to b e S et On
127.2 (1107) 2649 52 x 104 ~18x103  >18x10% <79-180 GEI;I?,‘ée[”]' . . 1
76Ge (2039.0) j h ff M . 1 O V
73.3 (64.5) 252 66x107°  166x103@  >83x10% <ii32e9  Majorana (23] the eftective dajorana mass at: c
© KamLAND-
~34,000 (¢ ~2x107° ~5x 1074 % Zen [24], Xe in
/ ~247 >2.3 x 10 <36-156 i . . .
(970) (~7 x 1075) (~1.7 x 1072) liquid > E h 1 M
186X (2457.8) scintillator XC anglng d Slng C aJ orana
BOAEHD sed  18x07 o skt s QoOn neutrino (on shell) with a mass on the
Nucleus M-t, FWHM, BI, BIFWHM, Ty, yr (my), Experiment, d f h h ﬂ 1
(Qpp, kev) kg-yr keV c/kev-kg-yr c/kg-yr (90‘1’;.,2C,L,) meVV Detector Or er O t e eavy avor mas S Sca e
10T (25275)  1038.4 (288.8) 7.8 15 x 102 0.12 522 % 105 <90-305 CETOBRT‘ngL
128Te (866.7) 309.33 (78.56) 43 14 6.0 >3.6 x 10% - CIL‘TT%RTEe 5’201’ u
_ _ CUPID-0 [31],
9.94 (5.29) 20 35x 1073 7 x 1072 >4.6 x 102 <263-545 LTB ZnSe
82Ge (2997.9) NEMO-3 [26],
5.90 (4.90) ~250 ~4 x 1073 ~1 >2.5 x 108 <1200-3000 tracking
detector
CUPID-
100Mo (3 034.4) 2.71 (1.47) 7.4 47 %1073 3.5x 1072 >1.8 x 10% <280-490 Mo [32], LTB
Li2M004
AURORA [37],
16Cd (2813.5) 468 (1.22) 170 0.15 25 >2.2 x 108 <1000-1700 CdWO, _
scintillator d
CANDLES-III
48Ca (42680)  ~108 (~0.12) 241 10-3 024 S56x102©  <2900-16,000 sﬁlﬂﬁfgn

crystals
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CPC39,013101 (2015)

g - * NTc
Ez—EWjZVINN ~* P 1+h.c.
l=e
» N: Mass eigenstate
» Vi Mixing matrix between the
charged lepton ¢ neutrino v, and

heavy Majorana neutrino

Van|2<3x1072, [Vin|?<3%1072, |Vin|?<6x 1073

Phys. Rev. D, 2008, 78: 013010

DO—K-etetn DOK-ptutn—

mN I/Tiot my I/Tiot my I'/Tiot my I'/Tiot

150 4.5x10710 600 4.0x10~ 1 150 - 600 9.0x10710
200 6.7x10~10 650 2.8x10711 200 - 650 5.9x10710
250 4.7x10710 700 2.0x10~ 1 250 1.6x107° 700 3.8x10710
300 2.9x10~10 750 1.4x10~1 300 1.7x10~° 750 2.3x10710
350 2.0x10-10 800 9.5x10-12 350 5.4x10-10 800 1.4x1010
400 1.3x10710 850 6.1x10~12 400 5.0x107° 850 7.7x10~ 11
450 1.0x10-10 900 3.5x10~12 450 3.3x1079 900 3.6x10~11
500 7.5x10~11 950 1.9x10~12 500 2.2x1079 950 1.7x10~1
550 54x10~ 1 1000 9.4x10713 550 1.4x107° 1000 7.4x10712

Dt —Kletetn Dt -Koututn—

my I'[Tiot mN I'[Tiot mN I'/Tiot mN I'[Ttot

150 1.1x1079 600 1.0x10710 150 - 600 2.3x1079
200 1.7x107° 650 7.2x10~ 1 200 - 650 1.5x107°
250 1.2x1079 700 5.1x10711 250 4.1x107° 700 9.8x10710
300 7.3x10710 750 3.7x10~11 300 4.2x1079 750 59x10710
350 5.1x10710 800 2.4x10711 350 1.4x107° 800 3.6x10710
400 3.3x10710 850 1.6x10~ 1 400 1.3x1078 850 2.0x10710
450 2.6x10710 900 9.1x10712 450 8.5%1079 900 9.3x10~11
500 1.9x10710 950 4.8x10712 500 5.5%1079 950 4.4x10~1
550 1.4x10~10 1000 2.4x10712 550 3.5x107°7 1000 1.9x10~1
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> Neutrino with mass in the range 100 MeV/c? to a few GeV/c? have been widely searched

—107°

—8

» LHCD searched in 2021: ULs of BFs (D5 — hhee) around 10

Up to 2018, no experimental results came from BESIII




O3 LNV: D - Kme*e™

> Data: 2.93 fb~1data taken @3.773 GeV
» Single-tag method — larger data sample

i i d d i i d d
. . ~. « . . - g pe ~ ~ ] . o~ .y p
c L. S c L S c L d c Ly d
Wil w1, Wt L w+ L
S | [ | S | S |
i i) Vi i
— 1 —' 1 J—, 1 7 1
W L’_ A w7z W7 W “_ e
L m L .r Lo K L K
T y N ﬂ""'-\ ™~ e
\—':] d _S <

(a) D! = K~ #1717 (CF) (b) Dt = K% 1717 (CF) (c) DY - K~ #1717 (DCS) (d) DT — K~ #"I"1T (DCS)

v v X v

v' They searched (a) D? > K n~etet, (b)Dt - K2~ etet, and (d) DT - K™ nlete?

v Dt - K n?ete™ is suppressed due to the smaller CKM factor (| Cd\\;“; |~0.05)




O3 LNV: D - Kmete™

AL D D
15 | | Channel AE (MeV)
| |l| T Il ) A ~33.0,19.]
5 %\H—M}Mm || | | D* — Kin~ete’ 1—30.6, 19.3]
HRR IR i D" — K n'¢*e’ (-54.8,24.4]
0 - N
"o ] +o+Y — SLg
L2 10 (b)) 4 B(D » Kme™e™) =
: | I | N 3 ( NIV
=R ]T!H ﬁ!lﬂ ]I?! “TII_ | “ h : No obvious signal is observed
% o bt [t il ‘:‘}..'l T T
i : Channel e(%) N Bit(x107°)
ok | | © D° — K-xe*e* 16.8 10.0 <28
1l | H| | e D* - Kor~e*e’ 115 4.4 <33
s Bl IH | ||1 |l| E Dt - K nlete’ 10.6 14.8 <85
1 T !
of LR SR TR, T
184 185 186 187 168 189 ULs of BF is ~ 10™° at 90% C.L.

My (GeV/c?)
Fitting on the MBC spectra for the three LNV decays




O3 LNV: D - Kme*e™

> Searching for the Majorana (v,,,) in the decays of D° - K~e*v,,,D* - KQetv,,with v,, -
me; different mass assumptions ranging from 0.25 to 1.00 GeV/c? in LNV decays D° —
Kn etet, DT - Kdn~ete™

» Requirement of the invariant mass of any me: [m,, — 30, m,, + 30]

10'3 ; 1 T 5 . r r . r - - ,§
1o : © 2 F(mpm, Veym(mym)) — ’Vevm (mvm)|4
_, 10% 3
o] [ Ve ) T, o,
S o CPC39,013101 (2013)
% 10°® z_ : $ + ¢ { % { -1;
L 10* : CY :
S 1o” { | The ULs on the BFs at 90% CL.:
10° 3 E
107 :M 10_7"’10_6

P | i 1. il i ) 1 M| i 1
03 04 05 06 07 08 09 1

0:3 0:4 0i5 0j6 0.17 0:8 0:9 1l
m, (GeV/c? m, (GeV/c?)
The mixing matrix element |Vm,m|2 of a positron with the heavy Majorana neutrino in the

charged current interaction.



03LNV:¢p > rtmrre e viaJ/YP - no

>

Data: (1.0087 + 0.0044)x10° J /1 events taken @3.097 GeV
Although hadrons composed of the first generation quarks have been well explored in 0v2p,

constraints on the LNV process suggest that searching for LNV with non-first generation

A\

quark decays at collider experiments would be necessary

[ o 0.65T .
100} @ sl region F —— Dua [ Survived candidates (LNV process)
e | ~ O6F 1 yomny’, noeey - .

RS - “{, L ) Yy, n-n'en, n- e‘e'. _ B . .

T sol N N e R i e 0.6 4+ Signal window

o 50_— o ey Jymtmn, - vy a ! . . .

% L E B Jhy—n(1450)y, 1(1450)— T'TMN-e'ey \"\: . . . .

s | 4} 0 Wyorre, aonty N i R

< 2F ; : — i * S . %0 Teo

g2 “fF (b 0—K'K = i

5 - ideband region 3 i i * .

5 15f Hchandred 5 2- H = 0.5) :

) v | | i PPN R RPN S S T S SRR SR S

. X 0.5 1 1.5 2 2.5 0'46.5 1 1.5 2 2.5
! MK+K'1(.((§§V/CZ) H Mrc"n:*e'c‘ (GCV/CZ) Mft"it“e‘e'(GeVI Cz)

Fit to Mk (reference mode) Comparisons between data and MC (LNV process)

B(6 =>7ntnte e )=B(¢p - KTK~ .

(@ m) (@ ) No signal events are found .
N‘n’*'.rr*e*c* /87"+7"+‘3_6_ Submitted to CPC

, B < 1.3x107°> @90%C.L.

X

net
NK+K— /5K+K*



03 LNV: X~ - pe~e via J/yp - £(1385)1X~

YV VYV

quarks changing the charge of the hyperons according
to the AQ = AL = 2 rule 'K 115

Predication:
~10731 or 107239

Fe T T T T

x10°
Data: 1.3%x10° J /i events taken @3.097 GeV - aves
. . L 20F .

Only a few experiments have reported searches in % i J’“’*A_Z_‘(‘”‘“’i”"

s 15:_ | J/y — = 3(1385)" + c.c.
hyperon decays 2 105_ Inclusive MC
Two down-type (d or s) quarks convert into two up- 2

o) B

o °F

1.2

1.25

' y v ~ M. .(GeV/c?
Reconstruction of X(1385)*: ¥(1385)* - Anr* recoil. )
o 3;_ Y spee r_.'_l
[~ I~ RS 3 ||
_ S 25 ] b
vV =V (o) E | |
. ~ ™ -
d > z 15 -
4 ™, + % f 'Jl |
B() \.‘ BQ L|>.| 1 ] '_! |-|
ST T T > 05F | |
1 | ]L L

. . . : L L L L I L
Dominant contributions: 1.1 1.15
a loop of a virtual baryon and a Majorana neutrino

No signal events are found: B < 6.7x107°> @90%C.L.

M, ...i(GEV/C?)




03 LNV: On going

> BAM-00651: K§ —» ntnte~e™ viaJ /i - K*°K° with ~1x101° J /1 events; Draft
> BAM-00770:n » ntmte e viaJ /Y - n¢ with ~1x101° J /4 events; Draft
> BAM-00747: w » ' nte " e” viaJ /Y — nw with ~1x101° J /1 events; Draft
> BAM-00666: ] /Y —» ttrte e with ~1x101° J /4y events; MEMO review
: e D-

V) \

Possible Feynman diagrams

c s

w+ s We
* J Ay v

s d’s/b u P " ars/p MNT T~ €
w- & ——e ) K-
J Ay v K-
W o w- s
ol g 7]




03 LNV: On going

> BAM-00786: D} — h~h%e*e* with 7.33 fb~! data at 4.128-4.230 GeV; CWR finished

S < S H < 3 S < S

D} ¢ Y s D Ko
c > S c > s c > d
< et Hie*’ et
Y v \/
" o o
et et et
w- u w- @ w- U
m K- T
d s d
(a) Df — ¢n~ete™ (CF) (b) D — ¢Ketet (SCS) (c) Df — K2n~ete™ (SCS)
A : ; C d More new results are coming!
° D} wt 0 D+ W+ 7
c > d u - i
3 d 5 d
W+
H+ et w W+
A ol o
w- ; :ﬁ 7 :; u w- i
K- T LLLL‘< K-
s d s

(d) Df - KZK~etet (DCS) (e) Df — n 7mlete™ (W-exc.) (f) DF — K nTet (W-exc.)

Possible Feynman diagrams




04 BNV&LNV

Another type of LNV process: BNV & LNV simultaniously break

» In the SM, baryon number (BN) is » BNV is allowed in GUT and SM extensions
always conserved. ABB—L)=0

» However, baryon anti-baryon number is » Furthermore, another BNV under dimension
highly asymmetric in the universe. seven operators allow A(B — L) = 2

Baryon Number Violation? (BNV)

PRD 22 1694 (1980)
PRD 101 015017 (2020)
" PRD 72 095001 (2005)
PRD 59 091303 (1999)
JHEP 05 030 (2009)
PRL 120 132501 (2018)
PRD 93 094026 (2016)
JHEP 08 068 (2011)




04 BNV&LNV: J/p - Ate™ + cc

> Data: 1.31x10° J /3 events @3.097 GeV

» Searching for the processes in quarkonium decay opens

a new avenue to study the BN violation

> J/Y - Afe”, AT > pKTm?

» The goodness of fit for the hypothesis of pK " e is
the best among pK " nte”,n*tn*n n ", K*K*K" K™,

ntn KYK " ,ntn " pp and pK " mte”

—h
o
|

}

204 206 228 23 232

Qo

|
oON b O ®O
—_

PN
|

Entries/(2 MeV /c?)
o
I

o )]
NEIIIIIIIIIIIIII

N WEINEE 8 B

|
2.2 2.4 . 2.8 3

MpK—‘rr"' (GEV/Cz)

Distributions  of Mpg-p+ for the J/¢p -

Afe™ candidate events for signal MC simulation

(shaded histogram) and data (dots with error bars)

_ S90
B > Ate7) <
Urb ce”) N]t/ol}ij(Ai > pK-nt)

= 6.9%x10°8




04 BNV&LNV in D decays

> Data: 2.93 fb~! @ 3.773 GeV @ ® wf ©
» Double Tag analysis
» Absolute BFs

» Signal is clean and background is low

-
=]
T
——

w
>
T

40

1.84 1.86 1.88 1.84 1.86 1.88 1.84 1.86 1.88

p—
>

Events/(0.25 MeV/c?) (x10%)
o
[—}

>

. . M, (GeV/c?) M, (GeV/c?) M, (GeV/c?)
» Many sys. Uncertainties cancelled — — —
o 30I- D'— K'n*n*

(e
— X
D . —p  Tag g
+ RS
© Z
ﬁ _ —
e =
o

S 4
D . =P Signal =

E o
D
3

GgiT8e 188
Mgc (GeV/cz)




04 BNV&LNV: D? - pe™

» Baryon anti-baryon number is highly asymmetric in the YS9 _ jEEeam_ L
BC — 4 2 = LEp = Epeam
universe. Baryon Number Violation? (BNV) : - d
1.88 - . .
» BNV is allowed in GUT and SM extensions A(B—L) =0 : 4 Signal window
& 1.871 .
> BF: 10737
< 1.86
. -1 %2 :
» Analyzing 2.93 fb™" 3.773 GeV data =l D > pet and D® - pe-
» Double Tag mothed is applied, very clean background BT 2x107° @90%C.L.
-0.;0‘ - I-O.IOSI — ‘0.60I - IO.E)S. - I0.10
AE™ (GeV)
Y X ]
c . c . 188 + Signal window
D° D° - |
| < 7] < N 187
2
.9 1.86 -

2
BC

> D% - pe? in SU(5)

s D® - pe” and D° - pe”
F B <2.2x107° @90%C.L.

C . PR R RS
-0.10 -0.05 0.00 0.05 0.10

AE"® (GeV)
19

» X, Y : leptoquarks with electric charge g e or ge




04 BNV&LNV: D* - (anti—)n/A/X%e™*

» BNV in GUT and SM » n, n are regarded as missingi A(B—L)=0 i A(B-L) =

. . ST T @RI
extensions A(B—L) =0 particle B :é TN %e2 ]
_ J— . _ é 2k t o5 et ] o D7 -
> BF:1072° for D* > Aet > Using A -» pm~ to reconstruct A : ? *'nmm||||mfﬁﬁ m 2 ;
: : 8'4 08 ‘0‘8 ! 12 14716 18 Ei. 8.4 06 08 1 12 14 16 18
> BF:1073% for D* - ie* > Using % - yA to reconstruct 29 : ooy T Pyl
: P T 18 Ne 423 O]
» Dimenson seven operators = 2 I Bo Np= 241516
- 199D -
allow A(B — L) = 2 Mode (+c.c.) | BUL @90%C.L. P e | %Z: ! |
D* > 7iet | <1.4x1075 | i o o gy B L
v D+ —>Z6+ < 6.5X10_7 § 62_ 'D"‘—;Ze"‘l | D™ — Ae
. /, _ : 4 D™ |- +_> +
N Dt - X% * | <1.3x10°° A ﬁ:e ‘ .
22 2f :
. . D" > ne* | <2.9x107° | i e
. N + 30+ -1, 30,
» X, Y : leptoquarks with electric D* 5 Ae* | <1 1x10- i3 3-&33- b2
4 1 * clementary N 0+ 6 - }L
charge gEOrze scalar field ¢ D™~ 2% <1.7x10 o2y B
: L B :
n/A/E PhyS. Rev. D 101, 031102(R) (2020) "anndfuadfiadBd .L%G.I\:Iif(ﬁ(-;z\.]/.c}iﬁ%.1-91..1.853..1.8.8 ..... .

Phys. Rev. D 106, 112009 (2022) -
20




05 Summary

The LNV processes are essential to probe New Physics beyond the Standard Model
No obvious signals of NP processes have been found yet

The ULs on the BFs in J /1 decays at the 90% CL at level of 1078

The ULs on the BFs in D decays at the 90% CL at level of 10~7~107°

The ULs on the BFs at the 90% CL as a function of m,, are at the level of 1077 ~107°
BESIII will collect 20 fb~! @ 3.773 GeV data sample (DD)

vV V. V VY V V V

More & better results are coming soon!




Thanks for your attention!

Email: wangtj@mail.nankai.edu.cn



