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® Charming physics - CP violation

acp(D — K*K™) —aqp(D° - ntn™) = (=1.54 £0.29) x 10~
asp = (17£57)x107%, af%=(23.2+6.1)x 10~

PRL 122, 211803 (2019); PRL 131, 091802 (2023)

 Short distance predictions are an order smaller!

Data driven approach:

Factorization with fitted hadron matrix element.

PRD 86, 036012 (2012).

Use the relations of final state interactions; PP = F
PRD 86, 014014 (2012); PRD 109, 073008 (2024).

Consider the re-scattering of zx — KK.

» SM naively predicts a/}, =

PRL 131, 051802 (2023).

— agf but data found opposite!

K~

< u

PRD 108, 035005 (2023)



® Charming physics - CP violation

Reasons to go beyond charmed mesons:

asp = (17£57)x107%, af%=(23.2+6.1)x 10~

PHYSICAL REVIEW D 81, 074021 (2010 . .
. Enhancement of charm CP violation due to nearby resonances

Two-body hadronic charmed meson decays

. 12 e 13 Stefan Schacht®*, Amarjit Soni” PLB 825, 136855 (2022)
Hai-Yang Cheng *“ and Cheng-Wei Chiang™

-
. K
b f5(1790)
1. Jo might be a glueball which mainly decays to kaons. Leading order amplitude o m1.. STLIF

2. Its mass is too close to D meson, enhancing SU(3) breaking effects from mass splitting.

3. Unlike D — h*h~, CP-even phase shifts in baryon decays can be directly measured. B€ Sm

. PRD 86, 036012 (2012); PRD 86, 014014 (2012);
For D) CPV see: on 109, 73008 (2024): PRL 131, 051802 (2023).



® Experimental status of charmed baryon decays

2023: The first measurement of CP violation in charmed baryon two-body decays
Sci. Bull. 68, 583-592 (2023)

Aqp(AF = AK™) = 0.021 £ 0.026

* The most precise CP asymmetries in branching fractions by far in charmed baryons.

2024: Measurements of the strong phase in A7 — =K
PRL 132, 031801 (2024)

5p— 6o =—155+027(+x), a=0.01%0.16

* CP even and Cabibbo-favored, but very important to studies of CP violation!

2024: Measurements of strong phases in AT — An™, AK™
PRL 133, 261804 (2024)

ch

(P Pr) = (0.368 £0.019 =£0.008, 0.35+0.12 £0.04).

* Confirmed the discovery of large strong phases in charmed baryon decays.



e SU(3) flavor perspective of charmed baryon decays

By far, the only reliable (?) way is the SU(3), symmetry. PRD 93, 056008 (2016), NPB 956, 115048 (2020)
JHEP 09, 035 (2022), JHEP 03, 143 (2022) ..
s =10 n p KO K+
Weak interactions . 0
S — —1 E_ : E+ T " 7T+
ﬁ A N

Sy mew o LT s

qg=-1 q=0
PDG (2023) Theory (2023) Data (2024)
a(AF — pK?) 0.18 £ 0.45 —0.40 £ 0.49 —0.744 £ 0.015 e
b 10*B(AF — pr®) < 0.8 1.6 £0.2 1.79 £ 0.41 BESII
10395(/\Jr — AKOJZ'+) None 1.97 £0.38 1.73 £0.28 BEST
l% 10°BE? - E%) None 2.94 +0.97 1.6 £0.5
n 10°8E° - 2% None 5.66 + 0.93 1.2+0.4

N -

There are some shortcomings in SU(3), symmetry approach.



e SU(3) flavor perspective of charmed baryon decays

é The SU(3)~ is an approximate symmetry with errors in 10~ q; qj
We propose a new scenario that incorporates the SU(3) < \)
breaking of strange quark pair production from the vacuum. B <

C
200% x ¢ dx
X
. q q
§ 150% i X
> " " q qi
LY, To possible solutions can be S
S 100% - distinguished by the Lee-Yang
< 0 0 B \)
< parameters of =, — 27K C
B C
D 5 qr
% 50% -
g ———— Y
0 ' ' ' 2.2 1.
2.30 2.35 2.40 2.45 2.50 me=:m,;~ ~ 1:2

2
x"/d.o.1. [2506.19005] (constituent quark masses)



e SU(3) flavor perspective of charmed baryon decays

% The large )(2 IS mainly contributed by two channels:

[2506.19005]

PDG SU(3) conserved SU(3) broken
10°BE) - Ex%)  1.43+£0.32 2.72 +0.09 2.9+0.1
10°BEY - E2tn™) 29£13 6.82 +0.36 6.0+ 0.4

Both of them are the normalized channels In E?’J“, indicating an possible

underestimation of factor two in the experimental side.

Same underestimations occurs in Eg — BTy,

PDG SUQ3) % Lattice
_I_
102B(E" - E-etv,) 12(}52 Y %’212* 4.10 + 0.46 2.38 + (.44
102B(E0 - 2 uty 1.02 +0.21 3.98 + (.57 .29 + (.42
(= K0 0540194

[2110.04179] [2103.07064]

*Using B(E) - E27) =(29%+0.1)%

Lattice

3.58 £0.12

3.47+0.12

[2504.07302]



e SU(3) flavor perspective of charmed baryon decays

4 parameters 3 parameters

prt N
Amplitude : V, Vi F*=4 4+ V,, vV F?
Do not need to consider F? in F? cannot be determined
studying CP-even quantities. € ) with CP-even quantities.

Vc‘d Vcb

CKM triangle for b — d CK angle for ¢ - u



® Rescattering, solving penguin/tree

_ Tree FSR—s FSR—t
Zppr=-Lyppt+ LpBr T ZBBr

Fy, including effective color S, containing the g~ I, containing the g*

number and form factors. dependencies of couplings. dependencies of couplings.

10

Described by 4 complex parameters, having the same number of parameters with the SU(3), analysis !



® Rescattering, numerical results

The sizes of CP violation are of the order (O(10™%), in accordance with naive expectations.

Channels B(107°) Acp(107°) acp(1077)
AT =+ 2TKg| 0.37(3) 0.29(3) —0.22(4)
A = 3X°KT| 0.37(3) 0.29(3) —0.22(4)
AF — pr® 0.20(3)  0.97(28)  0.99(13)
AT —nm™ | 0.72(7) —0.21(13) —0.43(16)
AT = A°K™| 0.66(3) —0.42(12) 0.29(8)
=T — 2“7r0 2.34(13) 0.45(6) —0.02(10)
=5 = Y% 2.34(18) 0.28(6) —0.38(10)
= - 2K |1.20(18)  1.11(17) —0.08(22)
= = pKs | 1.61(9) —0.23(2) 0.19(3)
=5 = A% 10.95(12)  —0.35(5) 0.22(6)

[ -T

11

Channels B(107°) Acp(10™°) acp(1077°
0.23(2)  1.78(25) —0.45(46)
=e — 2o | 0.46(2 0.36(9) —0.39(7
=0 =Y 71 | 1.62(6) 0.36(3) —0.09(3)
=0 - ="Ks | 0.33(5) 0.31(7) 0.43(6)
=0 5 ="K | 0.86(8) —0.46(4 0.03(3
0.27(3) —1.50(25)  0.66(39)
=, —nKs | 0.50(2) —0.43(4 0.28(8
=0 — A°7° | 0.16(2) —0.02(5) 0.40(4)
1
Aop = 5 ((x + ﬁ) :



® Rescattering, numerical results

o A pinthe same size with the ones in Dmeson! ¢ Inthe U-spin limit, we have that
=0 +. -\ — -3
Acp (Bl > Z¥n7) = (1.78 £0.25) x 10 Acp (B0 = S17) = — Agp (20 = pK-) .
Acp (B = pK™) = (=1.50 £0.25) x 10~ EPIC 79, 429 (2019)

C d

VZ’XTS Vl/tS

+ V. cd ”d d U

Two topological diagrams are in the same size, leadsto A-p ~ | 2Im(V"

CS l/tS

qud) ~ 10_3 .

12
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® Timelike EDM

* The decay distributions are obtained by squaring the amplitudes:

Polarization ﬁ : rH(—k, §+)

fraction ol j
= ZP€ €, L‘t(y”FV | > c"1H_+ yﬂ}/SFA+6ﬂqy5HT>V e (p)
0€2 ) m
=Y - - — N N - << _
O<1+B '(S_+S)+B_'<S_—S)—|—S 'C’S_

B _(p,k) = (bpﬁ + b,jc) Im(H)

Clj(ﬁ, z) — 5leO°" + Gijk (ﬁkcl + ]%kCZ) Re (HT) T_(k, S_)

CP-even ° CP:Odd i €+(—]_5)
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o Timelike EDM Polarization fraction of t

Polarization fraction of =™
 Net results of the EDM formula:

)
3 ¢ (S T 2mr) . n N No need for simultaneous detection
)= -~ Do kY + (Pp-k

Im (dT — p]Z'+ _ _ 4+ +—
4m\/g\/s_4m2 OfT —> JU I/TandT —> T I/T.
T T
Need for simultaneous detection
p s+ 2m? A A 2
Re ( T) B e— <(p,,- Xp”+) > of 77 — 7 v_and T - 7Z'+I77.
m \/52 dsm?
Re (df)
* Or one can adopt simple observables: [2506.19557] /s . Simple Optimal
$s=3.680 Ge
4.11 x 1016 4.87 x 10~17
Re (dT> X <(ﬁn’+ _ﬁn’_) .ﬁe (ﬁﬂ'"’ Xﬁﬂ'_> .ﬁe> (N7'+7-— = 3.9 X 106)
" A| \/5256 GeV
No need detection of k! | 78 % 10-17 503 5 1018

* |t is important to measure & ! (N, +,- =5.5x 107)




o 7EDM

0y =130 ym —> 30 pum

16

* We urge the addition of silicon pixel detectors at STCF to filter fast decay events.

D/D, :
P =1- J exp(—x)dx
Probability of | 0

being detected - . .
Probability of not being detected

D : the detector resolution

D, : the average flight distance.

e \We have to sacrifice some statistics when
k cannot be detected.

« P =2%, nearly impossible to probe
Re(d ) @ BESIII but excellent at SCTF.

1.0 -

0.8

0.6 -

0.4 -

0.2 1

0.0

SCTF upgrade
@ 6.3 GeV

SCTF

I P’T(D/DO)




o 7EDM

0y =130 ym —> 30 pum

* We urge the addition of silicon pixel detectors at STCF to filter fast decay events.

ey (29) 5.6 GeV 6.3 GeV

1.8
235

33
29
11

Table. Precision of d_with D = 180, 130... \Q/

0.7
4.9
4.0
3.3
2.9

. ‘k sweet spot @\/E = 6.3 GeV, pushing the

upper bound to 10~!% ecm.

0.7
19 120 -
3.6
3.1 . 90-
9.8 =
=
60 -
30 -

e See the next speaker for more details on TEDM.

5Re (10_186Cm)

D o 7
\/;(G ev) Le =0.63 ab™!

[2501.06687]

>4.1

- 3.0

2.9

17



® EDM experiments

« 7 and hyperons have short lifetimes. p pP+4q

Traditional EDM measurement techniques are © - > > >—¢€
hot feasible.

* Can be probed directly at colliders.

 May induce electron/nucleons EDM.

4.\’ . d
— ] =R2.7x1.6)x107°, i
dA - Fuuv [2207.01679]
*assuming 0,d ,d, = 0.
Particle Method Upper limit |Particle] Method Upper limit
e Ion trap 4.1 x 107Y e-cm| neutron Hg* 1.4 x 1072% e-cm
[ (g-2) storage ring|1.5 X 10~1” e-cm| proton Hg* 1.7 x 1072%° e-cm
T From eEDM (4.1 x 10~ e-cm A From nEDM | 2 x 107%? e-cm
T ete™ colliders [1.9x 107 e.cm| A |ete colliders|5.5 x 107 e-cm| @ BESII

State-of-the-art upper limits of |d,| at 90% confidence level
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® EDM numerical results

* Why shall we consider EDM at colliders? For UV NP: fZeff = G A2 F*(7o y}’sf)‘I‘—(T}’sT)(TT)

I

[Shrinking the loop]

5 T ms =10 GeV
ms =20 GeV

44— ms = 30 GeV

3

2

I
I
I
I
I
I
/ /
/7
/7

[Shrinking - -- -]

/o

[Shrinking the loop] = [Shrinking - - - -] ]
1 - \

2
) Is constrained by conventional EDM. . i P

My

Onlv ¢; — C 10 . . . .
MY €T G5 108 ~15-10-5 0 5 10 15 20 25
2
q

m
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® EDM numerical results

* Axion light particles enhance imaginary parts of EDM.

« The couplings are proportional to m. EDMs are

enhanced at m, ~ my ~ 4/s, providing natural reasons
for EDM to be absent in light fermions.

10_2 Nonresonant VBS
EuXFEL LEP

103 LHC 7 7 ‘
NOMAD Colliders (pp) ,

Light-by-light
(LHC)

> o S
5 107 Helioscopes Solar v SNe

— 1010 Globular clusters
l

H
I
[y
[EY
o)
=,
@
o
=
@)

>

&

Co Telescopes

C
2
)

Haloscopes

Q@

o

e

10-15 ‘ g af ‘

0 % 8y ~ —— < 107
10 ), ayy P

10_18 Telescopes S 4][ m

10_19 ULLLLL AUNLILLLLL JUBLLLLL WULILLLLL JULLLLL DU JSULALLLL SAURLALY BUALLLL UL DAL ALY AL f

///////// A o

m, [eV]

10000 A0 » We use conservative value of g, = 1075,



® EDM numerical results

* Axion light particles enhance imaginary parts of EDM.

« The couplings are proportional to m. EDMs are

enhanced at m, ~ my ~ 4/s, providing natural reasons
for EDM to be absent in light fermions.

Im(d,)/Re(d,)

00— 3.0 0,25 GeV

50_ | J 25' 05 GeV

25 - : m;/2 —~ 2.0~ assofm1°0 GeV

> NS ST ot

—25- f / 1.5m, é ‘

—20- | Mass of m, 1.0~

oo, | 0.5(\
-100—+——"t——7+—+——+—1

15 20 25 30 35 40 45 50 0.0 +— . | | | . |
S 15 20 25 30 35 40 45 50

S
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® EDM numerical results

* Axion light particles enhance imaginary parts of EDM.

« The couplings are proportional to m. EDMs are

enhanced at m, ~ my ~ 4/s, providing natural reasons
for EDM to be absent in light fermions.

2
0. L
~ (
-2 _
< _, =
= _6- 0.25 GeV £ —1.001| — 0.25 GeV
£ 0.5 GeV —1.25- 0.5 GeV
—8 Mass of m 1.0 GeV —1.50- Mass 0fm1°0 GeV
_ —1.75

0 51015 20 25 30 35 40 45 50 5 1015 20 25 30 35 40 45 50
S S



® EDM numerical results

* Axion light particles enhance imaginary parts of EDM.

« The couplings are proportional to m. EDMs are

enhanced at m, ~ my ~ 4/s, providing natural reasons
for EDM to be absent in light fermions.

* Real part diverge! Only leading log is
trustworthy.

e The chiral enhancements in electrons
and muons are not found here.

5 10 15 20 25 30 35 40 45 50
S




® Future aspect

» The IBLIES will improve sensitivity to the

hyperon and 7 EDM by a factor of ten,
significantly enhancing tests of the
Standard Model and searches for NP.

6Re (10_1860m)

>4.1

120 -
— 90 1

= 35
N 6.
30 -

2.9
4

v s (GeV)

107" - 10" 24
® BESII(Re(d,) [] STCF(Re(d,)) A STCF+Polar(Re(d)) .
§ @ BESIl(Im(d))) [ STCF(Im(d,) A STCF+Polar(Im(d,)) ] §
V V
— 10" 101
"ST ; ® o °e § :?T
O § o -
% [ e ’ 1 E
S~ ® S~
© 10" —10" ©
2 - - 2
IS - A . i
2 - 0w 0 2
z “w | . 2
20 |__ — -20
A 7 = =
Fu, Li, Wang, Yu, Zhang, [2307.04364]
L Im(dyg) (x107'® ecm) Re(dp) (x107'® ecm)
CF violation| gram STCF BESIII STCF
Ale=0.4) 2.62 0.14 8.64 0.47
YT (e=0.2)| 147 0.08 18.4 1.00
=’ (e=0.2)| 6.12 0.33 82.6 4.41
= (e=0.2)] 6.79 0.37 95.9 5.20

with 10'° J/y, Du?, He, Ma, [2405.09625]
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e SU(3) flavor perspective of charmed baryon decays

Two solutions have very
different predictions!

é The SU(3)~ is an approximate symmetry with errors in 1071,

o

<
TJ  There exhibits Z, ambiguities:
SU(3) r parameter space
I |F2| + 2| G?|, a= 2kRe(F*G) | _ 2kiIm(F*G) L F2| — 21 G2
| F? | + k2| G2 | F2| + x2| G2 F2| + 21 2

" and a are invariant under (/, G) — (F*, G™) and F' <> kG™ but /f and ¥ flip signs.
In general, the amplitudes cannot be fully reconstructed without  and y as input.

Precise /) and ¥ data can break the ambiguities, highlighting the importance of % work!

Measurement of Ag, A;, and A Decay Parameters Using Ag — A, h~ Decays

é Nevertheless, there are still a few ambiguities. PRL 133, 261804 (2024)

26



® Rescattering, solving penguin/tree

Amplitudes : =% 544 ), F?
2
L S T BN o
A=

f¢ = r_S™ — Z(r§—2r>\—|—3)ff>\_,

f¢ = Z(QTA—QTA—ZL)T)\_, fe— F
f
HE ;+2—T_2~_—Z(7‘>\—57“>\/2—|—1) ,
s = - ;411(26;_7r )5 4 ; —(r,\ + 117y + DTy,
it .
fa = T—S(T:;ri 2 ST — > 5(’0\ +1)°Ty — % (ﬁ‘\_ﬁ -I—QF‘;) ] 4 <3C4"‘C3)(’Z: +n2j)ZC(3C6+C5)

A=

(fb fc fd fe) ( FV’S_ T_) — (fg’ fg’ fg)
2 PRD 100, 093002 (2019) _



® Rescattering, solving penguin/tree

Amplitudes : 2 L fpede g ), fhed

fo = ﬁ’_ (r_—|—4 T+ Z 2r>\—r>\)T)\_,

r_(r_ +4)S~ —I—Z (r3 —2ry + 3)Tx

—
o
|

f& = F -|-Z 27“)\—27“)\—4)T>\_, ff?:ﬁ"jf

- Tr_ .~ ~
b= (1 5 )S™ + Z;(r?\—57«,\/2+1)TA |

~ (r— +1)(7Tr_ —2) ~_ r? +11ry +1 ~_
3 6 5 - Z . 6 Iy

A=+

i _ 2r_ —77“2_§_ N Z (7“>\—|—1)2T>\_ ﬁ"j-'—l—Zﬁ";
2 ) 4

(PPFo 7)o (P B $ 1) — (7 Fo 7Y

28
PRD 100, 093002 (2019) _




® Rescattering, solving penguin/tree

_ pTree FSR—s FSR—t FSR—u )
chBP—chBP_I_gBCBP +3BCBP +3BCBP +...(.)
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