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Abstract

Charge-parity (CP) violation in tau-charm energy region is one of the promis-
ing areas to search for. The future tau-charm facility of next generation is designed
to operate in a center-of-mass energy from 2.0 to 7.0 GeV with a peak luminosity
of 0.5 x 10* em~25~!. Huge amount of hadrons or 7 leptons will be collected
with well kinematic constraint and low-background environment. In this report,
possibilities of CP violation studies in tau-charm energy region and at the fu-
ture tau-charm facility are discussed from various aspects, i.e. in the production
and decay of hyperons and 7 lepton; in the decay of charmed hadrons. We also
study the combined symmetry of C'P and time reversal ', C' PT invariance testin
K" — K9 mixing.

Preprint submitted to PHYSICS REPORTS July 7, 2024

H

Contents
1 Intreduction
2 ('P-violation in hyperon sector

2.1 Direct CP violation in strange quark systems . . . . .. .. ...
2.2 Hyperon two-body hadronic weak decays
23 Spin entangled baryon-antibaryon systems . . . . . .

24 Radiative and semileptonic decays
2.5 CP violation in production via edm
2.6 CP violation in charmed baryon decays
2.7 Prospect of hyperon C'P-violation study at STCF . .
271 EyentSelechon ... ... « o sceve o smoe 2w mmeen w
2.7.2  Sensitivity of C'P-violation in hyperon decay .

2.7.3  Comparison of hyperon C'P sensitivity with different ex-
PeriMents ; 5 & soiei S8 i S IERE S B 5 a e

(' P-violation in 7 sector
3.1 Hadronic form factors in semileptonic 7 decays . . . .. .. ...
3.2 Structure functions in hadronic 7 decays . . . .. ..
3.3 ('P-violation observables in hadronic 7 decays
34 (P violating asymmetries in 7 — Kgmv decays: the BaBar
anomaly and the Belle measurement . . . .. .. .........
3.5 ('P-violation proposal via EDM
3.6 Prospectof 7 C'P-violation study at STCF
3.6.1 MC simulation of 7~ — Kgn~v,
3.6.2  Optimization of event selection
3.6.3  Sensitivity of C' P-violation in 7~ — Ksn~ v at STCF . .

(' P-violation in charm sector

4.1 The CKM matrix and its unitarity

42 Sixtypesof CP vIOIAUOD . - & 2 & covi v vas b 8
421 CP violation in the direct decays . . . . . . .
422 CP violation from D%-D® mixing . . .. .. .......
423 CP violation from the interplay between decay and mixing
4.24  CP violation in the CP-forbidden coherent D°D° decays .
425 CP violation due to the final-state K%-K” mixing . . . . .

36
39
40
40
41
43

45
45
46

47
48
50

/ 426 CP violation due to ® — D° and K — K oscillating \
52

IMErTEIEnee « & coorn & & sn & s s & o w8 8 R

43 Indirect CP violation associated with D°-D° mixing . . .. .. . 53
4.3.1 Formulas for incoherent neutral ) meson decays . . .. . 54
432  Formulas for coherent (D°D°)_, decays . .. .. ... 55
433 (P violationin D° — 7%z~ and K™K~ decays .. .. . 59
434 (P violationin D° — K*T K~ and KTK*~ decays ... 62

44 Direct CP violation in the decays of charmed mesons and
charmed baryons . .. .. .. ... ... ... . ..o 64
4.5 Prospect of Charm CP violation studies at STCF . . . . .. ... 67
451 Measurements of the D — K- ntatn~ decay . ..... 67
4.52 Measurements of the D — Kirtn~decay . ....... 68
453 Measurements of the D -+ K-ntn%decay . .. .. ... 69

\ 4:52:  |Overall prospecisizi: @ v sk £ 0 FEaE T 3 BN R U EE 6

5 Tests of the C'PT invariance with .J/1) decays 70
5.1 CPT and the Theory of Everything . .. ............. 71
5.2 Neutral K mesons and tests of the C'PT theorem . . .. .. ... 72

53 The neutral kaon mass eigenstates with no C'PT-invariance re-
lated restrictions 73
5.3.1 Properties 75
54 Interference measurements of the ¢, _ and ¢ phases . . . . . . . 76
5.4.1 Estimated measurement sensitivity with 10% J/t)-decays . 77
55 Comment on the Bell Steinberger relation . . . . . ... .. ... 79
5.0: COMIERES . o wsous o v szwcs v % azmes w o wwsens & o swos @ w s 82
5.7 Prospects of Kaon CPT studyat STCF . . . ... ... .. ... 82
5.7.1 MC simulation of J/¢) - K~atK"+ce. ... .. ... 83
5.7.2 Eventselectionprocedure . ................ 83
5.7.3 Expected sensitivity at STCF . . . . . .. . ... .. ... 83
5.74 Systematic uncertainty discussion . . .. ... ... ... 84
6 Summary 85
Acknowledgement 87

Not complete overview!



Eéﬁl’ﬂgpﬁ}i‘zﬂx

—



JHEP 01 (2022) 108

o CPF%E,  ALHEFHIRRIRENIES
® REMEEZECPHIA: (~ - 27 )= (*- %)




O FZZHRYCPATIFR

+
+
|T_(’r)|2 o~ <t Iﬂije[d) [6_1“” + |€.|26_["‘T — 2[e|e_%(113+["‘h cos(AmT — ¢ )]
S
|7_+(T)|2 i Bl 4_;?6[6]) [e—rgr + |£|2€—1"_r,“r + 2|(.|6_%(FS+FL)T cos(Amt — ¢4 )],
S
_ O - IT0P . CPIGREH

IT-(M? + T (7)I?

o 1 }/Q(PS{I‘L)T .‘( _'QS ) I'sT 2 T
——c cos(AmT — ¢4_) + e + |e|“e
~ 2Rele] i

{3—1_151" _|_ l€|26_FLT

PRD 75 (2007) 076001



- 0 HRCPAMFRMIEICTRS

r.‘f'.'F = f-‘lc-p[i“_ — Kgm ;)

D+ = Ksrtin) —T(r— = Ksrn) =2 () =0.003192(26)

(vt = Kgnti,) 4+ (7~ = Kgm~v;) PLB 625 (2005) 47;
PRD 75 (2007) 076001;

[ —QRE,’(E) (e—l‘s-! i |E|2€—[1L£)]
e (2 T (Re(e) cos(dm) + Im(@)sin(amD) 4,

: 25
100:_ /\\ i

F \ I

[ \ 20 L

50 F \ [

| . t [

L | Pl T SN T NN U 1 ST S S [N S R o S e - | EE ST VT S | _ 15 '_

; 5 10 | 15 20 25 30 Tg =T

-50F \
r | 1.0

-100 | \ [

[ , [

t . [
-150f “ 051

: /
P \/ JHEP 04 (2012) 002

{1
0.0 05 10 15 20 25 30 Tg

*LMEMWTﬁﬁEmk¢Wﬁ$ O AT E]
FEEEAE "ETRT ARSI IRMIRER



Entries/ 0.04

Entries/ 0.04

+ +
]
= T | T T T T T T =
= ——» =
10° & E
E ——Data E
L (] signal ]
104; 1 bkgd
107 ' -
10 .
1: nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 7
© 01 02 03 04 05 06 07 08 09 1
y ()
10° &
10°E
10°k
107k
10
1

i P P =)
0 0.1 02 03 04 05 0.6 l]? 08 09 1

- ° FRCPANIFRMENE

e
/

(IN—PaN

y (K3)

\f”

{ASARREL QSRR
BPAES 1M K TIEE
oM EFESTEE A TEE

Thrust o=
TEnIE A

BABAR, PRD 85 (2012) 031102



- 0 HCPANIFRMENE

NC ™)

NC ™)

tRc (78.7%)
trc (78.4%)

99842
70369

99222 = —0.39(23)(13)%
70233 | —0.12(27)(10)%

1.2¢
1E §ib ghiig it B i!
0.8
0.6
04
0.2

Efficiency

A LERREEEN ALY REAS

1.2

1_
0.8F
0.6f
0.4}
0.2

0:

Efficiency

BABAR, PRD 85 (2012) 031102

sM = 0.36(1)%
2.8 tension



° AL

G%’ Si]flg 0 (?n?ﬁ_ o QQ)Q - |
“(47)3 m?2 2
dQ? dcos® do dcos f

x% ZLXWX}\/@ 2 2m 2

SCOOXLNIE -
' Ezos 3 cos ‘tﬁ} ( d;ﬂ

0.
iy

2

cp _
A= 1 sz dl’
LIl (5
{cos Bcostp)t _ — (cos Bcosth)t

o,
180
5

ST
0
<,

57
7S
358
XK
byt

3
25
RS

TR

<
<
>

see ZPC 56 (1992) 661&PLB

398 (1997) 407 for detail

9



0

Events/0.0115GeV/c?

PR MNE

—4— data
[ Jt—=vKsn

=
=

. v Ko

]
<

B other t decays

=l
can-'l

B .o, dd, s

1 v, K K nn’ (n=0)

B . K Knn?
B v K Kg nn® (n=0)

I K sideband data

(n=0)

T3 |_*||||'|'| T ||||I'I'l'| T ||l||l'l'|'

2

160K */ ~S5f (ZEE78%)
Belle, PRL 107 (2011) 131801

w AP (1079)

(GeV/c?)  Observed Corrected Backgr. subtr. ni/Ns (%)
0.625—0.890 —0.14+2.1 5.2+ 2.1 7T91+3.04+28 36531014
0.890—1.110 20+ 1LT 16+ LT 18421414 b57.85040.15
1.110—1.420 —51+4+47 —354+4.7Y —461+724+17 4874004
1.420—-1.775 9.34+12.1 96+4+12.1 —-234+19.1+5.5 0.751+0.02

SBEWZE]CPARIFR

10



STCFAEE TN

STCFIRIEHAER I
1 “l@4.26GeV
T L F TFEHEF KKMC+TAUOLA

oodre 1 s\ 2 2s : . 3(mi. —mi)?Fgl|?
- 0 ‘-x—_(l )( ‘Z)Pw{“fﬁ}lm~+ i, — 1) 115

4s(1+ 2%

dy/s m2 m2

V (8 = (mig +mx)?)(s = (mx, —max)?)

_Fi;'}- - (I Kﬁ{m‘]“] i BIITH'{T{H{J{]]-.
%ET*N%/%%%Z%? BWg 4 - BW
FE., *(8092) = {1410y ° K*=(1410) ..

1+ ag=(1410)

BT TCPAXITRIRIR

}

11



Events

S5EHEE
L Ls@
Vi) = 1@ + Lo @

" | —— inclusive MC

TNV ;TeVY
B romnnvit—pvy
[ tomrrv;t—nnly
[ onKnlvii—evy

[ other ditau
=] hadrons

IAPREREREL -

SSESENENE
OFRIFohE
OKITIEE
AR RE
TRARIANEIE

FHFE/P
TR
oE,

i

~3.7 million */ ~ (5554l

6( ,EXP)~9'7 X 10_4
10 “TEUE: o(  gxp)—3x1077
6( ,Sl\/l)~1 X 10_4

12



£ZE—FHYCPARIIA



EZCPHEIA

A(Dﬂ —r f) = _41(—_"5(51+¢1) - 3—’12{51(52:;‘-"’2) __
51_4.';1) e 3’-’12&-.1(52_':}2) : _

. DA ) DD f]
A = (DY — f)+ (DO —:»f)
—2A, A, sin (0, ) sin (¢, — ¢,
| A2 + |:12|‘3 +2A,A, (.Uh(ﬁ.z 4, ) cos (oz — @)

AD® = f) = A,

K+ K — xS
WE :EJ I'rf(s CPHfESEMENL 1 # >
o, e g e CPRBSSER 1%
A _ |A1|€mi€“‘b] A —|A1|€m'€ Hh
& CP +
W

}K_ U

Az — |A2|€E52€i¢2
14



REARES: |D.)=p|D")+q 5°>
Time evolution of a initially flavour eigenstate D:

Dy, (1)) =g, (0] D") +%g (t)‘ 5°> a.()= exl{— (im+l;)t) cosk((iAm—Azr) ;) - "2‘m2 Am=m,—m

0 0 r . Al t
Dphys(t)> =g, (t)‘ D > + 4 g (t)| D0> g () =ex —(im+)t}s1n (iAm—)J = @,AFE LC-T
) 2 272 5 1T
V=

3 B Sk,
BNFIEESE - or

Short distance contributions  Long distance contributions

Am Al
I

loop level ( , )~ ~ (, )~ -~
d,s,b & 4
: - Phys. Lett. B 810 (2020) 135802 \\ oy /
) - _ _0 Chin. Phys. C 42 (2018) 063101 o )Y mmkk.... | B
= ¥ v P Phys. Rev. D 81 (2010) 114020 / \\
0 —— ¢ Phys. Rev. D 65 (2002) 054034 & g
d,5,b

Plots from arXiv:1503.00032

15



‘q11=<

|Ejj:§C PE&% \Dﬁm(r)}=g+<r)\D°>+%g_<r)\B°>
Type 1. ;B CPHEIA Dl (0) =2.0[D" )+ L 0| ')
Probability of |p;.0)-p")=
Type 2. IRETIETIRIET S

Non-vanishing in-= -

B(;hys(t)>_>‘D0> : — ¢ 1

SHTEIER: r0R.0 ) x APep-T)[ 1+ T (5 +uB) NP

1
— (LQD — yQD) I?t* — (ypRed; + zplmA;) It ]

= o -C ) Phys. Rev. D 55 (1997) 196

16



R x/z(lilfglz) 1+ ) Tt + (1 - ) Ty (2]
AT X Hg)= \/2 (1 _1|_ lexP) [(1 — €x) Tlei(al_c'bl) + (14 €) TQEi(Ez—@'iz)]

N 5 ) — T X5K)
(D~ - X Kg) 4 T(Dt— XTK)
QR,EEK (T2 — T?) + 2Ime T, T, cos (¢ — ;) sin (6, — &;)
TE+ T3+ 2T, T, cos (¢, — @) cos (6, — 9,)
T\T, sin (¢ — ¢y )sin (6, — &)
T2 + T2+ 2T,T, cos (¢, — @) cos (6, — &,) 17

AX:EKE’ —

42




ATl'ptp

‘4?};(11 : 312) o E—FDELJ—FH Ly [Hillll Srh(ﬂf{) -+ sin (ﬂn’i‘.ﬂfﬂ) Sru(i}()}

4o P
Pp 9K

PD 4K
4p P

1 Al gty
Su(ti) = —sin(Amgty) sin @pg + 3 sinh ; = (

) Ccos (1]'5_;{

: : ., ATlgtk
~ —sin (Amgtg) sin @pp + 2 sinh

Re(ex — €p) cos Ppy ,

Al it 1 qp PK DD (K
Sa(tx) = sinh KK dn Ppi + = sin(Amgtx) ( niE|_|ERaE ) cos @ pye
2 Pp UK dp Pk
Al gt g
~ sinh :;{ K sin Dpi + 2sin (Amgtg)Re(ex —ep)cos Ppy (77)

18



STCF_EMZE D N FCPRIA

See Ying-Hao’s talk

» VORIEFREXIMER

e @3770 MeV
odd, * — 5 070
e @4009 MeV
evenfor * -5 0704 70, 70

-oddfor * — - 904+ 70 070

19



EREIRCRE

NK 75 K a%)oo,, x2|A(D® = K—oh)|*

Qo
~

- -'l)\QhKT [.'; cos(0y, + @) + T sin(dy, + (?)]}

T Ny

T(Ktn; K'Y ) ooy & 2JA(D° — Kto7)| { 3r

— 4X%h,_ [g(us — @)+ xsin(dy . c;]]}
p

I T 0 414, |P -
DLR " K o 1 86 21AD = K=" e =
q

o2
(K*a~: K7 )oe_y o 2|JAD® — K—at)|*r |2
p

XFLike-sign TR EARIEBRE
C-even EF XK AT B S S8, y LA BIECPHIASE] -

FEEHC-odd EFKEBECPALTAIEIE

20



STCF_ EFXREGNE=

MK %) (GeV7ic?)

25 3
MK ") (GeV/c*)

MRS RZRZETbinITiA

BHTIRELNEE

4

Entries/4°

x1073

5]
cn

— DCS
- CF

0.5 1.0 1.5 2.0 2.5 3.0

m2 (GeV?/c!)

| bin number |

21



STCF_EEFXKECNERE

1 ~'@4009MeV
SSEEE: STCRMENRI

O(STCF) 0.044 0.017 0.034

(STCF) 0.047 0.025 0.042

O (STCF) 0.069 0.050 0.077

LHCb current 0.056 0.026 0.052
best

HFLAV average 0.044 0.024 0.016

® REERFIRE, HEBNEMNRIIRER RS
® STCFEJLIEL0O*ERNER M (8#5) CPIIA
® HIXCPIRIMSERTH TR

2.51

3.10

4.57
2.9

1.1

22



- EMIRTFFIRNF, STCFAE[EL0 *ERIEHIG
ISR ERREY PRI CPAIA
o AR CPERIANIEFREE PR R tH B 4ms 7Kz
* Z 1 FCPIRINNER Bt EREXERR, 5B
NI ERINIEE %
- P RIBHAEEYIEIRTNEH —E AR
- [Ei2FEDM
. LXERFCPHGIR
« BN FEIZCPIEINGE

N

23



