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%suring the edm of a fast decaying particle

1. The EDM of a fundamental particle

2. A new test of CP violation for Hyperon production

3. Tauon edm measurement at ete- -> T+ T -




1] The EDM of a fundamental particle

Classically a EDM D = [ d3z#p(Z) interacts with an electric field E
The interaction energy is given by H = 55, allowed by P and T symmetries.

Under P, D -+ —D and E — —E, H conserves both P and T. Magnetic Dipole conserves P and T

= Hopam = dmg B.:
A fundamental particle, D is equal to dS, H.4,, = dS - E. L ) )
Under P: B — B and under T: B -+ —-B

Since under P, S — S and under T, § — —-S§ Relativistic expression: dpm$o*$F,,.

H,.4m violates both P and T, CPT is conserved, CP is also violated!

>

Quantum field theory, Hedm = —i1dYo" P Frnuy = —i3ddbo* ysF,,

(

=9

+—-H; -

In non-relativestic limit H.4m reduce to d g .E=dS-E. dﬁw P

One easily sees that H,4,, violates P and T, violates CP, but conserve CPT. —

iy

(

A non-zero fundamental particle EDM, violates P, T and CP!
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In order to extract the neutron EDM, one measures the Larmor
precession of the neutron spin in the presence of parallel and

‘“-listory of Neutron EDM measurement

10-18

The first measreuiment started
by Smith, Purcell, and Ramsey in
1951 (and published in 1957)
obtaining a limit of

|ldn| < 5X10-20e- cm

1957, Landau realized edm of a
fundamental particle violates CP

antiparallel magntic and electric fields.
P J h Av

hv = 2u, B -

- 2dy, B

d, =
4 F



https://en.wikipedia.org/wiki/Larmor_precession
https://en.wikipedia.org/wiki/Spin_(physics)

No measurement of a fundamental particle EDM, yet!

Current 90% C.L. limits on EDM:
Proton |d,| < 2.1 x10-% ecm,

Neutron |d,| < 1.8 x10-26 ecm,

tauon Re(d;) -2.2 to 0.45 x10-17 ecm,

Lambda |d,| < 1.5 x 10-'6 ecm,

electron |d.| <1.1 x10-29 ecm
muon |[d,| <1.8 x10-1° ecm
Im(d,) =2.5 to 0.08 x10-17 ecm

Other hyperons, no measurements

13



Ni)n lives long enough, can watch Lomor precission, and
switch electric field direction to measure.

Electron EDMs are usually not measured on free electrons,
but instead on bound, unpaired valence electrons inside
atoms and molecules. In these, one can observe the effect
of U = -d, - E as a slight shift of spectral lines.

But for fast decaying particles like hyperon and tauon other
methods are needed, usually through interaction in decay or
production processes.




uark model for EDM

»9/v/2 + A//6 s p
B = - st e 1 KB n
== =0 —2A /6
dp QM Reduced Results| dp NR QCD & QM Reduced Results
dQEDl\l %(4(1 —dy) — dqcum % (AQafi — Qufa) _
dQEDl\I %(4(10{ - d ) - quDl\/I % (4Qufu Qdfd)
quP“ 1(4d, — dy) —1d, quDM —z (4Qufu — Qs fs) —gefs
d2:OM 1(2d,, + 2dg — d.) —2d, d;}CDM —5 (2Qufu +2Qafs — Qs f5) —zefs
DM 1

T o (o T A
dE]%DM §(4d ) gds d}?CDM 51(462 ot~ Wt gefs
dc:l_ §(4ds - dd) §ds d}c} -3 (4sts Qdfd) §€.fs
da]gDM ds ds d;CDI\J _sts %6]‘.5




EDM of neutron and electron in KM model

uark EDM D, and neutron EDM D,, D, = (4D4-D,)/3

In KM model, quark EDM only generated at two electroweak and one strong
loop level (3 loop effects)l, very small ~ 10-33 e.cm. (Shabalin, 1978, 1980)

In fact with two weak and one strong interaction vertices, EDM can also be

generated!
(He, McKellar and Pakvasa, PLB197, 556(1987), J. Mod. Phys. A4, 5011(1989)

1.6 x 1073 eeem > |D,| = 1.4 x 107** e.cm

’
N\

'S
Y Y , v
i M Ay A e
/” N /’ ‘\\ b}” > M/ ™ ,// M’
1’ 3 { - ! 1.
8
(a)

n n B n n B n

Electron EDM is even smaller, generated at fourth loop level, D, < 10-38ecm
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2. A new test of CP violation for Hyperon production

He, J-P Ma, B. Mckellar, PRD 47(1993) 1744; X-G He and J-P Ma, PLB839(2023)137834
Yong Du, X-G He, J-P Ma, X-Y Du, arXiv: 2405.09625 (PRD accepted)

Testing of P and CP symmetries with ete™ — | /¥ — AA

_ 1
A= u(i<1)|:Vqu 5 HC‘-HUQUHO' + yFysFa+ U“UQUVSHT]VGQL

A
2e
B _ B B B _ 15’_(‘%1”/792)2 B Hpr = 5—gvda
G _FV +H0'7 G2 _Gl 4m% H0'7 3mJ/77b

Apt+morA—=p+m

fp, l5 and k momentum directions of p, p and A.




{e+ e- -> J/WV Density matrix

T = EPJA;M R(ﬁa ’;77 S1, 32) — TTT = pUMU,

M= LA g =éed. p?(p) = %‘Sij — idyeikpt — 2 (Azp] - 523)

d; induced by Z exchange in SM e+ e-->7->J/¥Y

: 2
3 — 8sin? Oy M/¢~253x10—

d
7 39 cos? O sin? Oy M2
A P ~ k A p Xk oA
P= 17, k:_a n = v w:pk
p| k| p x k|

R ﬁ, i’::, S1, 82) = CL((U) + 81 - Bl(ﬁ, i%?) + 8o - Bg(ﬁ, iﬂ) == sis%Cij(ﬁ, ’;3)

a, By, B, and Cii are functions of Fy 5, H T




Bi(p, k) = pbi,(w) + kbip(w) + fibi, (w),  Ba(p, k) = pbap(w) + kbog(w) 4 fibay (w),
» - » N T L - o 5 s ) [
O (p. ) = 6eo(w) + e (ples () + R ea(w) + AFes(w)) + (W . gaw) calw) + (kk - gaw) o5 (w)

sl o Ba i 2 ad . 32 Ll ey & oo s
i (ﬁw + iy — gwaw) co(w) + (BRI + ipd) er(w) + (kw + ﬁ,’*kff) ca(w),

a(w) = B2 []G1|2(1+w Vo [ € P2, (L= )]5 cg(w) = 2E2 |p x k {deymlm (G1G3) — Bwlm [Fa (G4 —ymG’g)*]},
co(w) = %a(w), bin(w) = ban(w) = 2wymIm (G1G3),
c1(w) = —4FE3BwRe (HrGY), biplea) = 2E§{2ymd JRe (G1G3) + Bw [ymRe (FAG3) + 2E,Im (HTG’;)}},
co(w) = 4E2ymB{ Re (HrGS) + w?Re [Hr(Gy — G2)*] ¢, 5 o o .
bop(w) = 2E2{ 2y dsRe (G1G3) + Bw [ymRe (FaG%) — 2E Im (HrG?)] ¢,
Bl = bu(w) = 2E2 {dew (|G1|2 - Re(GlG*)) + BRe [F-A( 14 w?)G; — w (;2)*]
64(%’) 2E2 |G1| ‘ " ? | "
s(w) = 282 [|G1[* — 42, Gaf* + |G1 — ymGal* w?]

be(w) = 2B2 {2d ([Gl|2 Y (Gl(}';)) + BRe [FA (( +o?ey — w%m(;g)*]

(
—2F.31Im :HT (szl + (1 - wz)ymGQ) | }
ce(w) = —2EZw [|C1| N JmRECGlGZD] ’ ;

G55 B [ R, 4 1 — e
cr(w) = 2E%8 c I T (WG + (1 = w’)ym 2) _

b x k:' Im (FAG?)




|On—she|| production of J/W and observables

e (p1) + et (p2) = J/¥ — Aky,s1) + A(ka, s2).
pt =B, B)y Do =(Be,—p), #'=(" k), & =(k',—Kk)

A—-p+morA—>p+n

drs . = . dl'y - P
E(S],lp)(x]—l—a51'lp, E(SZalﬁ)al_asz'lﬁ

I, and I; is the direction of the momentum of the proton or anti-proton in the rest frame of A or A

Nevent(o > 0) — Nevent(o < 0) = 1 kodQPdQﬁ

= Nevent (O > 0) + Neyent (O < 0) B F (4 )3

(9(0) = 6’(—@))W(Q)




4043

P B2y (4ymRe (G1G3) + [GA[*)

9N
A 4o
(I - p) = 9_}\? Esz (4ymRe (G1G3) + |G| )
> 2 8063,8 2 % * *
(y - k) = — E? [Re (FaG?) — EJIm (H7G* + y, HrG3)]
5 a 6
(5 k) = 20 52 [Re (FaGY) + Eolm (Hr G5 + ym HrG3)].
A 160 g &
(I x I) - k) = — 27fj\/B,BymE3Re (HrG?),

2.9 2 | 9 2
N = B2 (2161 + 42, 1Ga )




+

P violating observable

w . owm 4o
A(ly -p — 1z - D) EAS\), ~ 3./\? EQdJ (4ymRe (G1G3) + |G4| )

8035
3N

Ally -k — 1z - k) = AZ) ~ Re (F4G?Y),

CP violating observable

A A A A 4
Aly - k+1;- k) = Agf);‘v ~ — ;_f/'ﬁ EIm (HrG: + ym HrG3)
N i A S8and g
A((ly x T5) - k) = AZhy ~ — 22 By, E3Re (HrGy)

IN




EA in the SM

On-shell ete™ — J/¢ by a photon (s = m?,,)and J/¢ decays into AA
Z. (eQQqu ' '

$\L

p evte < J/W|cy,clO >)

2 ¢ 4
: gngA - UV A —
X1 | — <0 J/IU >< AAGy,v59|0 >
Z( Tcos? Oy (5 — ) [ey"clJ/ a7 Y54 )

g% = (1 —4sin*Oy)/2, g% = —g% = —g5 = 1/2

< 0|g7v*vs5q|A >= Dw,Av*~v5A. Here D =~ 0.80, w, = wg = 1/6 and ws = 4/6
< 0[eyuclJ /¥ >= €,gv, gv = 1.25GeV?

PR g% g%(1 — 8sin” Oy /3)

B D
47 5 Mg + imy el spe /2 24 cos? O (s — my)




{pole moment contribution to Hy

H+ is flavor conserving CP violating. It is extremely small in the SM.

Beyond SM, it may be large. Consider now A edm contribution.

. dA J/ G -

edx
Excahnge a photon —e’y PeAo,,vsAq”
N edpr S 3
We have Hp = = —dx

s e2Q. 2e




J/P to Octet baryon pairs B anti-B

i 2°/vV2 4+ A/VE o+
— _ p
E_ —3%/vV2+ A/VE "
=" ~20/VE

1]

HT:|€'Qc'gv-dB'

2
m
| I/
dp M - S -
J3FPM T (4dQ — Reduced Results| dp NR QCD &
quDM b a) — 4 dCDM QM Reduced R,
14dy —d = —TA0.f1 — esults
qEDM 3 u) qCDM 3 dJd Qufu) _
dy 1(4d, —d dy —1uq
JAEDM 1 3\ s) —1d 4 9CDM 3 wfu — Qafa) o
. | B, N | "y P —3 (4Qufu —

DN “ d ) —4d JaCDM _ 1 3 wfu— Qs fs) _z
Ao L(4da —d B JODM 1 (9Q., fu + 2 5¢ls
T o B s Y Qafi—Qsfs)  —xef.
o e d N o B
- l(ﬁld d 3='s dp . (4Q 5€Js
GEDM - s — da) id JaCDM 3 fs — Qufu) 4
d 0 d 378 p l (4Q f gefs

5 d  9CPM 3 o i Qdfd) éef
- L _Qst ? :

§€fs




nown data and sensitivity to EDM

Parameters R[22 by Ve ] AA [42] pp |74] ='=" [75][76] =~ =7 [40]
\/g (GGV) 2.9000 — ’I’I’LJ/Q‘D Tnj/w 3.0800 mj/,g,, mj/¢
a’?/w 0.3540.23 — —0.449 £ 0.022 0.4748 £ 0.0038 — 0.514 £0.016 0.586 = 0.016
ap —0.982+0.14 —-0.068+0.008 0.224+0.31 0.751940.0043 0.62 £+ 0.11 —0.3750 £ 0.0038 —0.376 £ 0.008
ap —0.99 £ 0.04 — — 0.7559 £ 0.0078 — —0.3790 £ 0.0040 —0.371 £ 0.007
Ad (rad.) |1.3614 +0.4149 — — 0.7521 £ 0.0066 — 1.168 £ 0.026 1.213 £0.049
|Ge/Gu| =R| 0.85+£0.22 — 1.04 £ 0.37 0.96 +:0.14 0.80£0.15 I l
|G ae| (%10~2) (derived) — 0.71 £+ 0.09 (derived)  3.474+0.18  0.81 +0.21 1.14 + 0.10

Best known hyperon EDM bound comes from A < 1.6 x 10-6 ecm

) ) e-t-d% (x1078 ecm c-t-d? (x107 B ecm g = F (107

P/CP violation | ALy (x107*) Ay (x107%) 1\3/1;11 2| STCF ) 1\3/15;11 2 { STCF ; 1\3/];11 (STCF)
Alc=04)| 442 5.45 164 0.5 864 0.47 530 0.3
St(e=02)| —3.02 7.80 9.58 0.14 18.4 1.00 3.06  0.17
=0 (e=02)| —155 _3.93 8.85 0.47 82.6 4.41 202  0.16
= le=08) —1d5 _9.55 $.93 0.48 95.9 5.20 321 0.17

TABLE IV: P violating asymmetries and baryon EDMs from current measurements summarized in table

11

For the latter, dg)

(df,_;f)) corresponds to the upper bounds at 95% CL resulted from ASP))V (Ag]lv), assuming statistics dominates the uncertainties
at BESIII/STCFs. The last two columns show the statistical uncertainties § with 10 billion events from a 12-year running time
for BESIIT and ¢ = 1 for one-year data collection at STCF [50], assuming the systematical errors are well under control and a

detector efficiency of € indicated in the first column [81].




ﬁTCF sensitivities to Hyeron EDMs
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34 Tauon edm measurement at ete- -> 1+ 1 -
e, CW Liu, LP Ma and ZY Zou arXiv: 2501.06687

Us ilar method replacing J/psi -> hyperon pairs by psi(2S) -> t+ T
»or just ete- -> y* -> Tt T -

But because tauon decays always has a neutrino in the final state,
harder to reconstruct moments, for eaxmple using t(k) —> 1(l) + v.

Still if spacial resoltution in better than 38.6 um (the flying lenth of
tauon from psi(2S) decay, there are substantial

event to recustract tauon momentu,

STCF can reach a better resoltuion than AR
current best bounds.
Bell Il can also use Upsilon(4S) to do similar things

do



(k) —> m(l) + v, p(l) + v

~ For the the imaginary part, we have

m(d,) — —e(3s + 6m2) ((Zh_ k) N (I k)) ©

4sy/s — 4m2 ap, Q!

There are two different methods to extract the real
part of the EDM from the distributions:

9 2m>
Re(d;)* = e— 5T oMy
4 apapm./s? —4dsm

(- x 1) k), (7

T

and

45 (s+2m2)((3- B0 x 1)) - p)

Re(d,)? = —e .
(d-) 4 apapm,(v/s—2m;)/s — 4m?2

(8)




A

AE-m?2/\/s —m

2 2
'r_mh

Z:F']:::

-~

We note tAhat it suffices for measurements to determine
sgn(({— x [}) - k) for reconstructing k. The proportion of

k being measured is then given by

— (% ["om (L) dz)z, -

where [y = vy/I" with T the total decay width of 77,
v = +/8/(2m.), and v = \/v%2 —1/7. ly is the 7 mean
pass length. The integral represents the probability of
7~ decaying before its flight distance reaches D in the
lab frame, and the square is because it suffices to probe
the momenta of either 7= or 7.

il
+
\/E?F—m% 2m,+/1 — 4m2/s

k = uf+ +ol_ + sgn ((f_ X f+) - l%) wi_ x f+

Im(dt) easy to measure.
Re(dt) needs to reconstruct the
momentum direction k.




_ 3s+6m?2 4

Ofy, =
: 4s4/s —4m?2 kL

T'he event number is given by

N} = eLoB(t~ — h7v,),

N, = 6LO‘B(T+ — h+y;) :

The standard deviations of Re(d;)*" in order are

\ 3 Z (Q%Nﬂ'n + ahN?m)
h

3¢ s+2m? 2
Sro(D)® = = T ,
Re(D) 4 m,/s2 —4sm2 \| N§1
and
Sre(D) = 3e /82 + 3sm2 + 2mi 20

4 m, (Vs —2m,)\/s —am2 \| N§E’

where the effective number of events is given by

N = PreL (2B(1™ = 7 vr) + a2B(r™ — p_yT))z

6.0- ! '\I — Om
O N dne(0um)
- Ge(130um)

3.6 5.4 7.0
/5(GeV)

Fig. 1. The expected precision of d, with Le = 0.63ab™".

Ore(10 ¥ ecm)

—T>4.1

1204
ré\ 90 -

= F3:D
Q 60-
30 1

2.9

4 5 6 7

Vs(GeV)

Fig. 2. The precision of Re(d,) may be achieved with Le =
0.63ab™!. The color indicates the values of érc, as shown in
the color bar on the right.




Table I. The precision of d- that may be achieved with Le =
0.63ab~! is given in units of 10 '®e cm. The absolute value is
defined as 5|2dT|(D) = 0Re(D)? 4 01m(D)?, where D is in units
of um. The case D = 0 corresponds to situations where the 7-
lepton momentum can be reconstructed with 100% accuracy
which is shown only as a reference number.

Vs |mys) 4.2 GeV 4.9 GeV 5.6 GeV 6.3 GeV 7 GeV
Olm 3.0 1.8 1.4 1.3 1.3 1.4
Sro(180)| 234 147 66 49 43 41
Sre(130)| 82 9.4 5.0 4.0 3.7 3.6
Sre(80) | 29 6.2 3.9 3.3 32 32
Sro(30) | 11 44 32 29 29 3.0
Sre(0) | 7.7 4.0 3.0 2.8 28 2.9
54.(80) 30 65 41 36 35 35




iConclusions

BESIII can improve A edm by about 2 orders of magnitude from
J/yp decays into A-pair.

STCF will be able to improve another two orders of magnitude.
Can do measurement of EDM for other hyperons too!

Similarly the tauon EDM can also be measured better than current
bound.

33



