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Outline - current status of EDM
* Probe hyperon EDM at BESIII and STCF
- Sensitivity study of BESIII and STCF

« Summary and outlooks
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Matter-antimatter asymmetry in the universe

* Big matter and anti-matter asymmetry founded
in the universe!
WMAP+COBE(2012):
(ng —ng)/nylcyp = (6.08 £ 0.09)x1071°

NN
Ly % o  Sakharov three conditions require:
[or =3
q 6 (_‘)‘ . .
) g % @ C and CP symmetry violation
3 E
g §'V Q) e (P violation has been founded at K, B, D meson
g @D system, but not enough to explain matter dominant
universe.
Standard Model (SM) prediction: W. Bernreuther
—~ dcp Lect. Notes Phys.591
Key: W, Zbosons A\ photon dep = 77 ~ 10 18 « 10710 (2002) 237-293
q quark A%/ meson ‘. galaxy D
g gluon ) & ® baryon
eelectr?rn pros :Jny * gtay ) ,:
},lmuon' tau - A 3 Z - - - -
vnourno P atom <@ {03 < Exploring new physics is extremely important
4
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A brief history of Parity and CP violation

Nobel Prize 1957
First proposed Parity
violation in weak interaction

L B 3 No CPV founded in
7m A Confirmedby | baryon sector!
C.N.Yang T.D.Lee Chien-Shiung Wu

0 — T puzzle [1] 1957
K meson CP violation|2] B meson CP violation [3,4] D meson CP violation
151
1964 2001 2019
James Watson v ;rw | "l ; ’/ a n L H
Cronil;( o (‘ v lézfido

@

p

R

Nobel Prize 1980

[1] Phys. Rev. 104 (1956) 254-258
[2] Phys. Rev. Lett., 1964, 13: 138-140
[3] Phys. Rev. Lett., 2001, 87: 091801
[4] Phys. Rev. Lett., 2001, 87: 091802




CPV in Standard Model

CKM mechanism: | cPV from phase §

B -
—Ll0
/ C12€13 S$12€13 S13€
_ i5 i&5
Vekm = | —S12€23 — €12523513€ C12€C23 — 512523513€ $23C€13 |:| [
\ S12823 — C12C23513€lo —C12S523 — 512(:23513316 Cy3(C13 Dirac Medal Nobel Price
= [ 2010 2008

Strong CP

« Gterm : Lz =——2

— OTr(G*' G,y)
* Mainly through measuring the Electric Dipole Moment (EDM) of atomic nuclei, atoms, and
molecular systems,

* The current most stringent constraints come from the EDM experiments of neutrons and 199Hg
6 <1010
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Electric Dipole Moment

H=—-pu-B—-906-E N H=—-—u-B+46- E

L magn.etic.dipole moment H=-p-B—6-E L H=-p-B+6-E
d: electric dipole moment
Non-zero EDM will violate P and T symmetry:

T violation < CP violation, if CPT holds.

= The contribution of the Standard Model to EDM is very small:
» CKM: highly suppressed by loop level (= 3) interaction
A P > QCD 8 term: main SM contributors to the EDM, 6 < 10710
ﬂ d¢ « limited by neutron EDM:
d, < 1.6x10726 ecm

= df f
Lepy = Lekm + Lg + Lasm
) +
V\_/
¢ Very sensitive to BSM physics, large windows of opportunity
H for observing New Physics!
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Map of EDM

Neutrons
Nuclei: g‘
p, d,*He o
Schiff moment | T
Diamagnetic 3
atoms: Hg, Xe, Ra o
c

quark chromo-EDM

Paramagnetic
atoms: Tl, Cs

atomic theory

Molecules:
YbF, PbO, HfF *

FUNDAMENTAL THEORY

Leptons

lepton EDM

C. R. Physique 13 168 (2012)
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Map of EDM

The identification of the nature of the fundamental CP-violating
mechanisms requires the study of EDMs in various systems

Neutrons
Nuclei: g‘
p, d,3He o
Schiff moment | T
Diamagnetic o
atoms: Hg, Xe, Ra T:’
c

quark chromo-EDM

Strange baryon

Paramagnetic
atoms: Tl, Cs

atomic theory

Molecules:
YbF, PbO, HfF *

FUNDAMENTAL THEORY

Leptons

lepton EDM

C. R. Physique 13 168 (2012)
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ILLUSTRATION of EDM STATUS

107"

1071° Best measurements
10-22 Limits from experimental results
~107%°
(‘D’. 10728 | Expected experimental results
=~ a1 in the next few years
= 10
T
107> < | Safe BSM discovery territory |

_ |SM estimates from QCD 6 term |

e | SM estimates from CKM |
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J.Phys.G 47 (2020) 1, 010501

107"
10-1°

1 0—22
0—25

~1

(&) -28

g 10

s 10731

(]

Ll 10—34
10—37
10-40

10—43

= SM-CKM = SM-0

L]

L2

. <d(expected) = <d.

MENU 2023

Only A hyperon has been measured

with a large un

I ; PhySics 7
*Beyond -

“Colliders

certainty!

I
C—

c =-c

10—16
10—19
10—22
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What can BESIII do for EDM?




Prob hyperon EDM at BESIII
and STCF
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BESIII and STCF : a hyperon factory

-5
10 billion J /3 events collected at BESITI:  —==% |_B(10—) [ Events et BEﬁsm
. L Br.i d J/1p—>AA_ 189 £ 9 18.9 X 10
arge Br. in J /1 decay J/p - =8 150 + 24 15.0 x 108
*  Quantum entangled pair productions J/ = EE _ 97+ 8 9.7 x 10‘;
o . . P(2S) - XX 23.2+ 1.2 116 x 10
High efficiency, background free $(25) > 08 | 5.66 % 0.30 8l 0
e ommgnetc e e Proposed: Super Tau-Charm Facility (STCF)
CsI(TI): L=28 cm gig:;pgg“g;frs
Barrel 05;=2.5% Ogpatia=1.48 cm . eqqe
Endcap 0;=5.0% L Wlth 10 bllhon]/lp COHeCted at ITK: ~0.15% Xo/layer

BESIII and ~107 entangled
hyperon pairs can be studied.

0Oxy~50 um
MDC: 0y,~130 um
0,/p~0.5%@1GeV/c
dE/dx~6%

PID: nK (Kp) 3~4 o separation
up to 2 GeV/c

At future, the STCF will collect ~°™
1 trillion J /4y per year, and will
provide ~10° hyperon pairs.

Main Drift Chamber | [ Time Of Flight .

Small cell, 43 layer Plastic Scmﬁuatgor MUD: 0.4~1.8GeV, m suppression > 30
Ty=130 pm or(barrel)=80 ps

dE/dx~6% or(endcap)=110 ps ~7m

0,/p=0.5%at 1 GeV (update to 65 ps with MRPC)

BESIII Detector
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Polarized hyperon pairs produced in e" e~ collisions

Two form factors are used to describe the
production of hyperon pair: G, G,, which

G G
also known as Gy, = —, Gy = —=

€g €g
o = s%|G1|*—4m?|G2|* Gy _ |G| j-ine®

v 52|G1|2+4m2|G,|?” G, Ga
Polarization:
/1—a12l,cosesin9

Py (cost) = sin(A®)

1+ay cos2 0

CL : dr
* Angular distribution of 0 & 1+ ay cos? 0, ay € [—1.0,1.0]

« If A® # 0, the hyperon will have transverse polarization even e e~ beams are unpolarized.
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e &
) Considering Z° contribution:
= I J /¥ has longitude polarization:
denoted by P,

ef B
Pmm’: /W spin density matrix
No beam polarization :

P++ — P—
PL —
P++ T P——

op—or  —sin® @5 +3/8 M3/¢

or+or  2sin® 05 cos? 6 m7,

PL:A%RZ

With beam polarization :
or(1+ FPe)/2—o0r(1-F.)/2 Al -+ P, Can be used for precise

— = ~ P, measurement beam
or(l+ Pe)/2+or(1 - Fe)/2 1+ PGA%R ) polarization




Spin density matrix of hyperon-antihyperon

Polarization effects encoded in hyperon pair spin density matrix

R()\la A?a A’ O< Z Pm, m’dm A1 — A2 (H)di;,l)\’l—)\'z (9)

m,m/’

*
X My xa Myr a Om,m

| Lorentz invariance introduces P and CP violation form factors in
helicity amplitude

) X.G.He, J.P. Ma, Bruce McKellar,
5 M ot q,H, Phys.Rev.D47(1993)1744

5 5 X.G.He, J.P. Ma,
+yHy° Fa + o 4°q, Hr)v(A2, p2). Phys.Lett.B 839(2023)137834

M x, = €u(A1 — A2) (A1, p1) (Fvy! +



Dynamics in / /Y - BB

Detailed dynamics in J /iy decay to A pair, have been studied: X.G.He, J.P. Ma, Phys Lett.B 839(2023)137834

i
A = €,(Du(A) (Fm/” + MG“"%HJ + yHy F, + G“VVSqVHT) V(1)

Dominant contribution P violation term Hy is included in this term

arXiv:hep-ph/0412158 ) e .
Psionic form factor Complex form factor, F, # Hr(q®) = 3m?, 9vds(q”)
Fy and H, 0 indicate P violation Assuming dg(q2) = dg(0)
can also be represented

dg(q?): electric dipole form factor

as G, and G -
1 2 dg(0) : electric dipole moment
Physics Letters B 551 (2003) 16-26




Psionic form factors G,, G, SV . 7/;/ 2

9 "/ B
Psionic form factors
4M? 4M*>
Fy =Gy — 02 (G1 — G2) H, = Q2 (Gl _ G2)
Hyperon polarization parameters ARG, P, VB, Brvee wiskeln
Phys.Rev.D47(1993)1744
2 2
s |G,| —4m? |G, G, G| 1o X.G.He, J.P. Ma,
ay, = - - —=|—e Phys.Lett.B 839(2023)137834
s |G| +4m? |G, G, G, Gaoran Faldt, Andrzej Kupsc

Physics Letters B 772 (2017) 16-20
| G, can be extracted from the measurement of I'(J/y — BB)



P violation form factor F,

Primarily from Z-boson exchange between c¢c¢ and
light quark pairs

Related to weak mixing angle in SM

1 g2 1-8sin?63"/3

6 ~ 4cos268 mj

~ —1.07x107°

X.G.He, J.P. Ma,
Phys.Lett.B 839(2023)137834



CP violation form factor H;

Several CPV sources contributed to Hy

Take hyperon EDM as the major source for H;,

2e

— ngB =M
3M3/¢ ( q J/y/)

Hr

X.G.He, J.P. Ma, Bruce McKellar,
Phys.Rev.D47(1993)1744

Neglect g dependence, dg for hyperon EDM XGHe, 1P. Ma.

Phys.Lett.B 839(2023)137834



Full angular helicity amplitude of e*e™ - J/y > BB

. . . . Jinlin Fu, Hai-Bo Li, Jianpeng Wang, Fusheng Yu,
Angular formular based on helicity amplitude are developed: and Jianyu Zhang, arxiv: 2307.04364

R(A4,15; X z
(A1, 4, 2) Pinm! aJ=1 0)a’ 111 -1} ()M, M A A Smm!

m/11 12

Total angular distribution of J /1 to spin-1/2 baryon pair:
> /Y- BB,B=A%%",2%

do 1/2 J=1/2 1/2 J=1/2
40, A0, d0, _NZR(MJZ»MJZ) D] i , (01,61)D" o (91,¢1)|h,1 | D] i > (02,¢2)D", oy (92;¢2)|h/1p|

[I]

> J/y - BB,B = E°,

do . a
_ ./ / «J=1/2 j=1/2 «J= 1/2
A0 dNpd0ndydy ; R(dy, 2225, 25) D52 (81, 9D % (81, 9:)1, €3, D2 (6, )

1/2 «Jj=1/2 «J=1/2 «Jj=1/2 1/2
D2 02,009,303, D2 03,00 203, 69) [, | D204 0D 04,0 ||
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Sensitivity study of BESIII
and STCF




Sensitivity study of BESIII and STCF

Sensitivity assessed from 500 psudoexperiments generated and fitted
by using a probability density function based on the full angular
distribution

Expected yields, Form Factors and decay parameters are fixed to
known values for generation: Gy, a;,,, A®, F,, Hy, ag, ag, ¢gand ¢g

| P, ~ 10™* (80%) for unpolarized (longitudinally polarized) electron beam

Decay Channel JIp = AN/ — T8~ | J/Jp = E"ET|J/¢p — 0=
Biag/(x10-7) [29] 7T 278 3.8 165
a0/ % 122, 28, 30, 31] 10 % 15 7

N£¥ /(x 10°) (BESIII) 313 7.0 6.0 33
Nevt [(x10%)(STCF) (17| 10.6 24 2.0 1




Sensitivity of hyperon EDM measurements

inder: Hy = —2% gyd 26
reminaer. T = 3M3/¢gv B SM: ~ 10720 e cm
o o BESII(Re(dy) (1 STCF(Re(d)) 4 STCF+Polar(Re(d,) 210_" BESIIl: milestone for hyperon
g e BESII(Im(d,) [ STCF(Im(dy) A STCF+Polar(im(dy) ] E EDM measurement
V WV
2" I O E A 107 cm ( FermiLab
 fie e 1 E 1071 e cm)
qa 107" =10 ’45 . . + ——
I N E g first achievement for 27,2
= = = P— —
2 f i i %® Z and E at level of 10~% cm
S w0 g <10® 8 . .
Fi - a litmus test for new physics
A Tt cf z
(a)Sensitivity of Re(dg) and Im(dp) STCF: improved by 2 order of
magnitude




Sensitivity of CP violation in hyperon decay

N.G.Deshpande et al, PLB326(1994)307

B _ _ J.Tandean et al, PRD67(2003)056001
Acp = (ag + ap)/(ag — ap)

reminder: ’ J.F.Donoghue et al, PRD34(1986)833
Adcp = (fp+ $p)/2 SM: 104 ~ 103
® BESIIAYY) [ STCF(ALY) A STCF+Polar(A}%) E
® BESIII(AS,) [ STCF(AS,) A STCF+Polar(AZ,) :
107" ® BESII(A9Z ) ] STCF(A9%)) 4 STCF+Polar(A¢7 ) =10
@ O o 5 : : ; rJE‘9-6
< | 1 <
B 102k ;@ =10° 5
2 o o ° o« o ° . fy
z g . 1 E STCF:
% 1001 F10° F
Z O SM prediction can be reached
[ o g & % a O . . :
el < 10° and further improved with a
— — — longitudinally polarized
A X C) )
electron beam
(b)Sensitivity of A2 and A¢Z,




Sensitivity of F, and sin” 6! measurements

: 1 2 1-8sin?68/3
reminder: F,~ - —Dg,—2 o Cw
6 ° 4cos268f m3
e BESII(F,) [ STCF(F,) 4 STCF+Polar(F ) ; SM FA - 10—6
® BESIlI(si?¢%)) [ STCF(sin’6%) A STCF+Polar(sirf6%)) : | s 5 ff
= 0 | s 1, 2 sin” 88" ~ 0.2
g 10 ; . o © L . §1 (\E w 35
S u ¢ 5 - Z
2 o : - ©
; B Y 7] b
=R s ., B
2 F é "= | STCF:
A C A o B 4 . S
C 0 A O A o
- ’ - Weak mixing angle at Q = M,
jll S - 310 can be determined at the level
+ —_- -0
A z = 2 of 8 x 1073

(c)Sensitivity of |F4| and sin2?6f



Sensitivity of P, and sin? 65 measurements

OR— 0L —sin29%{,f+3/8 M3/¢

or+0r  2sin? 95{; cos2 Hﬁ‘f,f m2

reminder: Pr=A%g =

 BESII(P) o STCF(P) | - SM: P, ~107*
- 1| @ : eff . 2 eff i—g 10
c”>0 10 . BESIIIE(SanGW) sD STCFE(sm Ow) ERT sin? o%ﬁN 0.235
ST e * e 41 E
ot EL e SRS R
qi 1073 __ ° ;@ ‘ = —; 10" ;‘
A A R | £ |STCF
ERRTE D - ) ERd § i
S N E Weak mixing angle at 0 = M,
10°L , , L can be determined at the level
A ¥ o=z & of 2 x 1072

(d)Sensitivity of Py,



Sensitivity of sin? ¢! by simultaneous fit

0245 S— —rrrrrr—3 /

b | vdepp-inelastic
oo P gl l Weak mixing angle shared by
\i\ F,and P,

5 l e
& OB5| APV (Cs) ]
- Sensitivity improved at the

0.230 | Bosons - Ievel 5 X 10_3

0.225 - | | IIO‘

0.0001 0.01 Q( Gl - 100 10,000
Figure 1

(a) sin? O ()55 (29) with an updated atomic parity violation (APV) result. (5) sin’ 057 (Q?), a one-loop
calculation dominated by y — Z° mixing (52). The red and green curves represent the boson and fermion
contributions, respectively.

K.S.Kumar et al, Ann.Rev.Nucl.Part.Sci.
63 (2013) 237-267



Sensitivity of beam polarization measurements

Precisely measured beam
polarization (1077) as input value
for sin? 65" measurement

A. Bondar et al, JHEP 03 (2020) 076

«STC F+Po|ar(PL)
g0 ' E o o
I A — Pe Y —-Pe _ .AO P
e__‘/ LR O',Pe + O'_Pe LR e
Q-c'J o
kS o
% P o _ Npe .
2 a P Lp Eoff analysis Bhabha
A s oz w0 o = N_p, scattering events
‘ L—’Peseff
o or—op —sin?6f+3/8 M3,
LR — 2

or+orL  2sin? 65 cos? 65 m7



Summary and Outlooks

* To measure EDM, we developed a set of helicity amplitude formulas
describing the J /1 decay to A, X, &, ) pairs

* Pseudo experiments are performed and the sensitivity of the hyperon EDM

* The prospect sensitivity of A EDM at BESIII is 1000 times higher than the world’s best
measurement under the same statistical condition.

e BESIII has the opportunity of first measurements of the EDM of =+, =, 2% hyperons,

and the sensitivity are at the order of 107 1°(BESIIl) and 10~4%(STCF).

MENU 2023




o ————— g :
—_ ———— —— e — e _J-_‘—*‘f'
————m— e

.. i i
ey e g

—_—
il

wuwthank yéu.com

MENU 2023



