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o* Charm mixing

® Mass eigenstates of DY and D® mesons can be written as superpositions of flavor

eigenstates: —
D) :p‘DG>iq‘Dﬂ>

® Time evolution of a initially flavor eigenstates of D® and D® mesons:
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® Practically, it i1s more popular to use the following two dimensionless parameters for describing

D°-D° mixing:
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I ) &

- _____________________________________B




o* Charm mixing

® Mixing amplitudes governed by two contributions:

d,s.b
e Short distance: ’ } )
. . 0 W W 50
v’ Via box diagrams, (x,y) ~ 1077 P b
u < C
v" Suppressed by GIM cancellation d,s,b

* Long distance:

v’ re-scattering diagram, (x,y) ~ 1073

v" Theoretical prediction of x and y very challenging

Plots from arXiv:1503.00032
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o* Charm mixing

® Today charm global average values largely dominated by the B factory, specifically LHCDb,

which exploit the largest flavor tag D° dataset.

® DYDY pairs produced by ete™ annihilations near threshold are in quantum correlated (QC)
state with C = £1.

® Exploring the QC in DYD? allows to extract the mixing parameters with time-integrated

decay rates.

® [t is a novel approach to study of the D°D® mixing parameters using C-even DD samples.

Experiment Decay x(X 1073) y(x 1073)
Belle (2024) K¢nm 40+1.7+04 294+14+03
LHCb (2024) Simultaneous fitting 4.01+0.43 6.10 + 0.17
LHCb (2023) K¢ (B tag) 429 +1.48 +0.26 12.61 +3.12 + 0.83
LHCb (2021) Ksr (D tag) 3.97 + 0.46 + 0.29 459 +1.20 +£ 0.85
LHCb (2016) Ksr (D tag) —8.6+53+17 03+46+13
Belle (2014) K 5.6 + 1.9¥9:3+0.6 3.0 + 1.5704+03
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.‘>- Charm CPV

® Direct CPV:
|A(D - )| # |AD - f)|.

® CPV in mixing:
Probability of [DDp,, (¢)) = |D°) # |DJy, (©)) = |D°): |q/p| # 1.
® CPV in the interference of mixing and decay:

4
p

e'?.

Non-vanishing ¢ for% = ‘

Decay rates:  R(Dp (1) — )% |4 J2exp(=T1)[ 1+ 3 (x5 + 1) A |27

—1(xp—y7) 21— (vpReN s+ xpImA )I'7]

q o—i(Bp+)
Phys. Rev. D 55 (1997) 196

p
® (urrently, the mixing and CPV parameters are usually measured with the time-dependent analysis in

B factory. n

Af:Tf




.’) Quantum correlated D°D°

D° ® DYDO pairs produced by e*te” annihilations near
7D° threshold are in quantum correlated state with C =
=] m(77°) (=)™,
® @3770 MeV
}n(y) e C=—-1,ete” - D°DY

® @>4009 MeV

e C=+1forete” - D*°D% +c.c,D** - yD°
e C=—1forete > D*°D° +c.c,D*® - D

Exploring the QC in D°D? allows to extract the mixing and CPV parameters with time-
integrated decay rates.
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J* Quantum correlated decay rates

W(f1 f2) =3(x* +y*)(IApo|* + [Apo|® + 2R poRpoAp0Ap0)

< 0.7
] + (2 — 3(%2 — yz))(l + ZRDOREORE(){DOAEU) + MDOAEOlZ) ; Toy Stlldy
—4y[Rpo(1 + [A50]?)Re(Ap0) + Rpo (1 + |Ag0|?)Re(A,0)]
—4x[Rp0(1 — |Ap0|)Im(A50) + Rpo(1 — [Ag0])Im(Ap0)] _
0.65 + o
W(f1 f2) = (x* + y*)(|Apo|* + [Ap0|* — 2RpoRpoRe(Apodpo)) '
c=-1 +(2 — (x* = y?))(1 — 2RpoRpoRe(Apodp0) + |ApoAp0]?) I
i -CP—Even
0.6 - CP-Odd
: i Under same Npp
® (-cven quantum correlation samples are better at o
. .. 0.3 0.35 0.4 0.45 0.5
measuring mixing and CPV parameters. X(%)
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o* Fake data study at STCF

® F...=4030MeV, [L=1ab™ .
® Coherent samples: ete™ — D*'DY + c.c.and ete™ —» D*°D*0 .
® Incoherent samples: ete™ - D**D™ 4+ c.c.andete™ - D**D*".
® Simulation and reconstruction framework 1s based on OSCAR (2.6.2 pre2) software.
Component Final State c(D°D?)
8 |- D°D° D°D° Odd
B YDD ono E
~ s} D*D D050 yD D_ ven
= A 5 é ¢ Q.Q ® DD Coherent DD Odd
© B o D055+ yn®DOD° Even
2 - vy (mn®)DODO Odd
| Y V. ® _ Y v yyy v K ) neoh t D**D*~ ntnm~DOD° -
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J° Analysis strategy: signal modes

® Decay modes: Knm°.
® For the coherent samples, the double tag method 1s performed.
* Flavor tag: Knrr, Knm®, Knrem (like-sign and opposite sign for Knrr).
0

* (P-eventag: KK, m, mmm”.

e (P-odd tag: Ksﬂ'o, KSU

* Self-conjugate tag: K;mm.




.}- Event selection

® Charged track
v V.| < 1.0cm, |V,| < 10.0cm, |cos 8] < 0.93.
® PID
v K:prob(K) > 0 && prob(K) > prob(m).
v m:prob(m) > 0 && prob(m) > prob(K).
® K
v tt and ™ with |V,| < 20cm, |cos 8] < 0.93, and no PID are performed for 7.
v Primary vertex fit, y% < 100.
v Second vertex fit, L/o > 2.
v 0487 < M(r*tm™) < 0.511 GeV/c?.
o =/
V' Eparrer > 0.025 GeV (cos 8 < 0.8), Egpeap > 0.05 GeV (0.86 < cos 8 < 0.92).
v 0.115 < M(yy) < 0.150 GeV/c? for ir°.
v 0.480 < M(yy) < 0.580 GeV/c? forn.
v" 1C kinematic fit, y? < 200.
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.5' Analysis strategy: fitting method of coherent sample

® The charm mixing parameters are extracted in a ratio between C-even and C-odd D°D production

PTOCESSES. C—even|jr— + — +. 0+ — 12 A2 fa(a2 L 2N (e \2( KTN2 | g (o 20 K3m\2
R (K=rnmn n K7 ) o A Afen 132" + 97 [Ki(rgp)“(rp ™) + Ki(rep) (rp™™)
® In quantum correlations: + 2V R R, Ry 3BT cos(551%7 — 657 _ 94

+[2 = 3(2? — )] [K; + Ki(r5™)? (rE3m)?
NSCI"geven ND*OEO . B(D*O - DO)/) ’ ESlg zKB?rD N

+ 2V KK ST R B3 cos(07 7T 4 08 ™))
— dy[r BT (Korgp + Kirop(r5?™)?) cos(68™ + o)

+ VKiKiRiesr 5" (rep + 1ap(rp™)?) cos(0p" " — )]
NC odd — N rro=0( RC—Odd -B(D*O N DOT[O) e P
sig D*®D sig — 418 (Kirobh — Kirop(rB5?™)?) sin(657™ + ¢)
+ VKK Ry, 755 (rep — rpp(ry

rpm)?) sin(6p " — o))}

NSC;geven RC—even B(D*O N DO]/)
NCG-odd RC—odd °B(D*O N DOT[O)

sig RETUK = rtnmmt K ) o AR A (2% + 97 [KG (rgp )2 (rp ™) + Ki(rop)* (r5™T)?
— IV K KRy B3 BT cos (0077 — 687 — 20)]
® This will cancel the number of D°D? pairs. 12— (2% — P)[Ki + K (rEm)2 (K32
. . _ - o Knpi K37 i, K31 | oK
® Cancel out some systematic uncertainty. 2V BB Riganrp ™ cos(0p ™" +0p7)]

Strong phase parameters are fixed.



o° Binning scheme of K n*n*n"

® [ ocal strong phase has been divided into 4 bins with approximately

equal population of CF decay events. f:
&
XK3
B8 = arg(A o, g+ 3x(A o s, (X)) — arg( f Ao+ 3 (XA en (X)dX)
. K3m,i . .
® Binned parameters Rg3,; and dj, in each bin has been measured,
: K3m,i : K;
while the 7, °™* can be written as_|-*1p°".
i
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Phys. Lett. B 802 (2020) 135188 n



" Binning scheme of K~n*n°

® The phase space of the D meson decay is divided into disjoint regions using the model predictions

for the strong-phase difference between the BaBar CF and DCS amplitudes.
AS o = arg(Apo_g+n—0Apo_ g+ - 0)

® Similar to the binning scheme for the decay D° — Knmm, we initially categorize the decay D° —» Knm®

into four bins.

Bin Range g
1 —180° < Ay, 0 < —18° ’
2 —18" < ASypp0 <0
3 0" < ASypm0 < 22° :
4 22" < ASypq0 < 180°

Krmr

—




° M2, distributions

® The signal yields will be extracted in the M2 ;.. distribution.

m
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Signal MC samples without quantum correction modifier.




o X fitting method

® The y%,_ canbedefined as: x5, = Ap Vi Apy + Acp Vi ALp + Dk grnVicon Dk s

® At present, the covariance only considers statistical uncertainty with V;; = Sztat_,i j-

® The strong phase parameters are fixed to the nominal value in the sensitivity estimation.

Input parameters Value Reference
Bpeo_,,po[%] 35.34+0.9
Bp-o_,0p0[%] 64.7+ 0.9 PDG
B, 98.823 + 0.034
(r ™) *[9%] 0.344 + 0.002
arXiv: 2409.06449
K™ ] 190.2 + 2.8
F;:nno 0.9406 + 0.0042 PRD 111 (2025) 1, 012007
;s Ki K_; arXiv: 2503.22126
Rism T " 8p°"
0 0 JHEP 05 (2021) 164
RKmrrof rgmrr ’ 651:1:
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* Sensitivity study of charm mixing

® The results of the charm mixing and CPV parameters are summarized in the following table, where

the uncertainty is only statistical. ]
Chinese Phys. C 41 023001

K ntn® Unbinned results Binned results Belle Il 50 ab~?
0, (% 0.062 0.037 0.057
X
ay (%) 0.021 0.021 0.049
o 0.060 0.036 -
CP
04(°) 3.31 2.50 .
- 10° 107
% 04 : g %\ 0.04 : E
g 03 | \\ o g 02 1 \\ o g 0.03 : \ . E’ \
NIAN X 3 vy 3 \\ Orcp = O¢
% 02 | NG % I \ Z 002 | \\ Z \
177} T — % 01 \\ C% B %
01 : \\ T r \\\_ﬁ-‘._‘ 0.01 - \\\"~ ! = \\-'—-_—-
0 2 4 6 8 10 12 14 16 18 20 %0 2 4 6 8 10 12 14 16 18 20 007”'2‘”4‘”6‘”8”‘10”‘12‘”14”'16‘”18‘”20‘ 0 2 4 6 5 10 12 12 16 15 2
Luminosity [ab™] Luminosity [ab™'] Luminosity [ab™'] Luminosity [ab™]

#



J* Sensitivity study of strong phase

® The published results of hadronic parameters for the decay D — Knmr® are summarized in the table

JHEP 05 (2021) 164

below. - -
Ry rn0 551111 rgrm
0.80 + 0.04 (200 + 11)° (441 4+ 0.11)%

2.93fb~1

® The uncertainty of strong phase difference will directly affect the measurement of the mixed charm

mixing. — 0

K rntm I 11 11 Belle I1 50 ab™?!
0, (%) 0.062 0.200 0.080 0.057
oy (%) 0.021 0.067 0.030 0.049
Orp 0.060 0.060 0.060
05 (°) 3.31 3.34 3.31
o (%) 0.045
Or 0.014
os(°) 2.43

e I: Unbinned results of fixed strong phase parameters.

e II: Unbinned results of floated strong phase parameters.

e III: Unbinned results of consider the uncertainties (1ab™1) of strong phase parameters as one Gaussian constrain.




o Summary and to do list

Summary:

* Precision measurement of charm mixing is an important goal in heavy flavor physics for the next
decade.

 Time-integrated measurements with C-even DD at STCF are essential contributions.

* The most accurate results will be obtained at E_,,,; = 4030 MeV, as more samples are available at
this energy point.

Plan:

«  Study of more double tag channels, such as K" n~nt and Kdntm™.

* Finish the quantum correlation correction algorithm package.

Thanks!
#
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D BT

1 (4030) - D*°D? —» yDODO
Y(4030) : 1P =0"(177)

e J=1 ~ DODOBEAFNEL = 0.
1
D%: 1(J*) = 5(07)
WO TR R A RS Y= v A, g, - w(DY, DY)
SRR A, AR R, RIS s, SR

L=0 B EREH BRI FRAE
RARSRF B HEAO BIERERELEIITREY
HARSHIF R ENFERO BIHER R ZERIFRAY

BRIFAFEF, #HERBEXFTRER SEREUA A EXIFRA R

nymm®DOD®, MnRA BT, AREGH EHATFRIE R, nIBEES, AR EGH R AT O FR R R .
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