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Inputs to global fit for D°-DP mixing

Decay mode

Observables

DY - KtK—, ntn~
D’ » KcKYK~
DO — sz

D° - Kentm™

D - Kentn™

DY - KeKtK~

D 5 7ta— 70

Yyep — Yopr(KT), Ar
Yep

ycp — yop(K)

z, Y, lg/pl, ¢

zcp, Yer, Az, Ay
T,y
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z,y
D » Ktg—n0 x", Y
DY - Ktg— x?, 2% yF
DY - Ktp—ntn— Ry
D% — K+l_l71 Ry,
DY Ktr—, K-n* Rp, R%, Ap
D° — K+K_, atm~ ACP’ AACP

¥(3770) - DD

Rum, Rp, y, vV Rpcosd, Acp(KT)



Observables and underlying fit parameters (1)

m Allowing for CPV, there are 10 fitted parameters:
X,¥,1a/pl, @, Ro, Ao, Ax, Az, 8, Okzn

2Ycp =
Sl =

(la/pl + Ip/al)ycosp — (la/pl —

(la/pl

Ip/ql )z sin
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Observables and underlying fit parameters (I1)

m Allowing for CPV, there are 10 fitted parameters:

X,¥,1a/pl, @, Ro, Ao, Ax, Az, 8, Okzn

/1“(D°—>K+7r‘) i it R U \ Toes/ T

'(D°— K-rnt+) 4+ T(D°—> K+=n—)

'(D°—K*n~) —T(D°—>K—n7t)

(DS K+n-) +T(D = K-n+) P direct Ace
F(DO—>K+K—) == I‘(EO—)K+K—) <t) indirect
. —— 7 Wl AK + _'ACP
I‘(DO—>K+K )+F(D0—>K+K ) Tp
I'(D°—>#atr~) —=T(D°—>ntn— t -
( ™ ﬂ-—) (_ ™ 71'—) e Aﬂ. + <_2Alcrjlgu'ect
D’ —>ntan—)+T'(D°—ntwr—) Tp

\3@ = (la/pl +Ip/ql )zsing — (|q/p|—|p/q|)y<y -2Ar
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Recent experimental additions

m Arwith D’—KK and D°—z'z, LHCh Run?, (7z-tag)
PRD 104, 072010 (2021)
B X, Vo, AX, Ay in DKz, LHCh Run?, (z-tag) + (u-tag)
PRL 127, 111801 (2021) PRD108, 052005 (2023)
mYo-yo(K) with D' KK, D' ', Rune, [-tag)
PRD 105, 092013 (2022)
‘m Ao’ KK, As(D' '), LHCh Run2, (-tag)
PRL 131, 091802 (2023)

m Akl [— k], BESHI
\_ Eur. Phys.}. (82,1009 (2022) )

Included in global fit for CKM2023

[Thanks to Alan Schwartz]
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Ar-and ye averages [used in global mixing fit]

p
Krn _ TK—mt THO_sh+h— — TDO—sh+h-
[?JCP —Yop = — 1} Ar =

Th+h— L TPO_sh+h— T+ TDOSh+h—

Index Observable Value Source

World average of D - K*K~/n* n~/K* K K°
1 Ycp— Y cp(Km) (0.697 + 0.028)% Our calculation of the y p (K7) correction is from arXiv:2207.11867, Eq. (29).
This correction was first pointed out by Pajero, Morello in JHEP 03 (2022) 162.

2 Ap (0.0089 +0.0113)% World average (COMBOS combination) of D — K* K~/ w* 7t ~ results

m Yo(Ks): correction in decay-time distribution for Right-Sign and Wrong-Sign D°—Kzz decays

o Pajero, Morello JHEP 03, 162 (202¢)
e—Ft - 26—(1+yCP)Ft

RS | , WS R
yggzyop‘;?/cp _ QD(‘gi 1—AD—I—‘]—)‘\/1—I—AD> (x cos@sind + y cos ¢ cosd)
p q

_+_

() ons v

Schwartz arXiv:2207.11867
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Global mixing fit; versions with CPV

All CPV allowed

m Direct CPV at tree-level [Ad, indirect CPV [|a/p|, @]
m it parameters: [x, y, |a/p|, ]

Super-weak approximation Kagan, Sokoloff PRD 80, 076008 (2009)

No direct CPV at tree-level [As=0], no subleading phases in SCS [Arg(/712)=0]
One parameter for indirect CPV: qu=Arg(M::/ 2]
Dispersive and absorptive mixing parameters: Xw=2|Me|/ I, yio=| | /T

Fit parameters: [x, y, |a/p|, ®1— [xw, Y1z, @i, X, y, |a/p[l, [X, ¥, @]
Additional constraint: tanep=(1-|a/p|%)/(1+a/p|9)(x/y)

More general super-weak approximation Kagan, Silvestrini PRD 103, 053008 (2021)

m Nodirect CPV at tree-level [Ao=0], subleading phases allowed in SCS [Arg(/2)#0]
m Two parameters for indirect CPV: @™:=Arg[Mw], @ o=Arg[I ]
m  Fit parameters: [x, y, |a/pl, @] =[xz, Yz, @2, @77
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et CPV allowed A m W7o
> - g CKM 2023 3
0.7 g 10 ri
B .- ] B50
0.6k a |
. (=)
. — 5
I S ]
H E i
0.5- ]
L 0 ]
04 ]
[ -5 L
0.3] -
B Bic ]
H i ; 20 -
o_zh e S W3c -10 -
m | 40
0. CkM2023 | ..., oo propodebeonfodons g g . 50 [ — ————— e
b1 02 03 04 05 06 07 08 01 -0.05 0 0.05 0.1
X (%) la/p|-1

= (0.407 + 0.044)% o= (—2.6711)°
y = (0.645250ms) % lq/p| = 0.9941501%

m  Mixing well established, no indirect CPV, but ¢» non-zero at 2.6
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Mixing fit all CPV allowed

m (021 2023

1| cHARM 2021

0.8: i . . ST TCTOT

CPYV allowed

y (%)

o
CPV allowed o)

0.6: == .- - | ‘ 0

0.4; 'y

0.2/

0.3}

B0
20
N3c
40

0.2

0 ckM2023 | .4 4 o @50

1 02 03 04 05 06 07 08
x (%) X (%)

m  Mostly impact of LHCh Run results from D°—Ksz'sz” and yee from LHCh Run?
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Mixing fit all CPV allowed

m (021 2023

]
o CHARM 2021 m2o — o m3c
B30 (=]
D 30 4 o ]
K] : o B,
—_ - B50 ey
o) g o
s s
5, 5
z 10 <
0
-10}
-20"
-30f
—40 b bopoppgedopoppop oo doppopge g g oo [ T R | T B | T B B I E|
-04 -03 -02 01 0 01 02 03 04 -0.1 -0.05 0 0.05 0.1
la/pl-1 la/pl-1

m  Mostly impact of LHCh Run results from D' —Ksz's

m A from LHCb Run included in 2021 fit
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Mixing fit with super-weak approximation

m Dispersive and absorptive mixing, one parameter for indirect CPV

> 8m . .
) No direct CPV in DCS
S, CKM 2023
~ 6
< i
4
2
of
2
_4 : l 1o
1 20
6 ] 30
_gl potopeope g g Liesopipdteis 2 O
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X4, (%)

E;m = (0.407 & 0.044)71

y12 = (0.64155:023) %
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¢, [deg]

8 @ No direct CPV in DCS
CKM 2023
6
4t
2} ;
o .
_2:—
_4: Bio
] 20
—6: 30
—8- | — . — ! 46
01 02 03 04 05 06 07 038
Y., (%)
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Fit with more general super-weak limit

m Fitfor dispersive and absorptive mixing and indirect CPV

3 0'8% No direct CPV in DCS ) 0-2@ No direct CPV in DCS
o _ CKM 2023 ;:.N | oKM 2023
=07 | = 0.15]
0.6/ - 0.4k
0.5] 0.05] .
0.4 03 :
03 _0.05/
] Bio - Bi7c
2} 20 - 2o
0 ) 30 _0'1: 3¢
V\ VTR OO OR300 N DO (OROR SR 700U OO OO0 [OOSR | 0 0 O O 46 I\ 1 1 | . | | | 1 1 1 1 | | 1 4 G
0'6.1 0.2 03 o4 05 oe 0.7 0.8 -01 005 0 0.05 0.1 015 0.2
X,, (%) ¢) [rad]
M
r1o = (0.407 £ 0.044)% 5 = (+0.48 £0.92)
_ +0.024 r_ ( +1. 55)
y12 = 0.6417 023W o = (2. 40 —1.54

m  Results on mixing parameters similar to those in super-weak limit
JolantaBrodzicka HFLAV @(KMZ3

13



Res

1lts of global mixing fit

Parameter No CPV No subleading ampl. No subleading ampl. all CPV 95% CL Interval
in indirect CPV  for CF/DCS decays allowed (from Fit #2,
(Fit #1) (Fit #2) (Fit #3) (Fit #4) Fit #3, Fit #4)
z (%) 0.434 10139 0.407 + 0.044 —~ 0.407 + 0.044 0.320, 0.493]
y (%) 0.646 + 0.024 0.643 0033 - 0.645 70053 0.600, 0.692]
S () 11.5 3¢ 11.3738 10.973S 114733 3.7, 18.2]
R, (%) 0.344 + 0.002 0.344 + 0.002 0.344 + 0.002 0.344 + 0.002 [0.340, 0.347]
Ap (%) - - - —0.77 £ 0.35 [—1.46, —0.08]
la/p| — 1.005 + 0.007 - 0.994 70018 (0.96, 1.02]
¢ (°) - ~0.19 £0.26 - -2.6175 [—4.88, —0.37]
Spenn () 23.1 1228 24.5 214 24.4 7213 24.6 212 [—20.1, 65.7]
A (%) - 0.202 + 0.059 0.200 =+ 0.059 0.218 =+ 0.060 [0.10, 0.34]
Ay (%) - 0.045 + 0.053 0.043 + 0.053 0.062 + 0.054 [—0.04, 0.17]
T, (%) . 0.407 =+ 0.044 0.407 =+ 0.044 - [0.321, 0.494]
Y1o (%) - 0.643 0924 0.641 F0:922 - 0.595, 0.687]
$12(°) = 0.65 *0-52 - - [—1.13, 2.49]
M(°) = E 0.48 4 0.92 ~ [—1.35, 2.32]
#5(°) - E 2.40 1129 - [—0.61, 5.45]
x?/d.of. [100.6/(63—5)=1.74 68.9/(63—8) =1.25  66.5/(63—9) =1.23 65.4/(63—10) = 1.23

JolantaBrodzicka HFLAV @(KMZ3
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Averages of Ae(D— )

0 +
m D'—rarn
Year | Experiment CP Asymmetry in the decay mode D0 to w+n- [L(DO)-L'(DObar)]/[L'(D0)+I'(D0bar)]
2022 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 131, 091802 (2023). +0.00232 + 0.00061(stat+syst)
2012 CDF T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 85, 012009 (2012). +0.0022 + 0.0024 + 0.0011
2008| BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 100, 061803 (2008) -0.0024 = 0.0052 +0.0022
2008| BELLE M. Staric et al. (BELLE Collab.), Phys. Lett.B 670, 190 (2008). +0.0043 £ 0.0052 +0.0012
2002| CLEO S.E. Csorna et al. (CLEO Collab.), Phys. Rev. D 65,092001 (2002). +0.019 £0.032 + 0.008
2000 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 491, 232 (2000). +0.048 +0.039 + 0.025
1998 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 421, 405 (1998). -0.049 +£0.078 £ 0.030
HFLAV average +0.00230 + 0.00059
0 0.0
m D>xn
Year | Experiment CP Asymmetry in the decay mode D0 to 70n0 [I'(D0)-I'(DObar))/[I'(D0)+I'(D0bar)]
2014| BELLE N.K. Nisar et al. (BELLE Collab.), Phys. Rev. Lett. 112, 211601 (2014). -0.0003 +0.0064 + 0.0010
2001 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 63,071101 (2001). +0.001 +£0.048
HFLAV average -0.0003 + 0.0064
+ + 0
m Dorarx
Year | Experiment CP Asymmetry in the decay mode D+ to mt+n0 [C(D+)-I'(D-))/[C(D+)+L['(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), JHEP 06,019 (2021). -0.013 £ 0.009 +0.006
2018| BELLE V. Babu et al. (BELLE Collab.), Phys. Rev. D 97, 011101 (2018). +0.0231 £0.0124 £ 0.0023
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.029 +0.029 + 0.003
HFLAV average +0.004 +0.008




Averages of Ae(D— )

QCP(DO s wtrT) = (2.30 £ 0.59) X 103 )

Acp(D? — 7% = (0.3 £6.4) x 107°

(Dt — 7t7%) = (4.0£8.0) x 107*

Aor Y,

m 10 De used to test isospin sum rule

JolantaBrodzicka HFLAV @(KMZ3
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Grossman, Kagan, Zupan PRD 85, 114036 (2012)

[sospin sum rule for D—mor

m Decompose D—zror decay amplitudes into isospin amplitudes:

A1, As isospin amplitudes of Al=1/2 and Al=3/2 transitions

Ap+,- = \/E.A3 + \/5-/41
A o0 =2A3 — Ay, [>
A +,0 = 3A3,

Aptr—+ A 00 —A+0=0

NG

m Differences of D and anti-D decay rates

_ _ 92 _ _
|A7r'*‘7r" |2 - |A7r*7r* |2 + |A7r°7r°|2 - |A7TO7TO|2 - §(|An+vr°|2 - |A7r*770|2) = 3(|A1|2 - |~A1|2)
m Sumsof D and anti-D decay rates

_ _ 2 _ _
|147r*1r~ |2 + IAW'*‘w* |2 + |A7r0170|2 + |A7r07r0|2 — §(|A7r*7r0|2 + IA'R"‘IrO|2) = 3(|A1|2 + |A1|2)

JolantaBrodzicka HFLAV @(KMZ3 17



[sospin sum rule for D—mor

m Theratio R of “differences” and “sums”
_ |A7r+7r‘ |2 - |Z7r'*'7r‘ |2 + |A7r°7r°|2 - |Z7r°7r°|2 - ;%(lAw’*er'z - |Z7r‘7r°|2)
- |A7r+7r— I2 —+ |Z7r+7r— |2 + |A7r07ro|2 + |Z,r07r0|2 — %(IA,,-%,FOP + |Z,,r—7r0|2)

R corresponds to CP asymmetry in Al=1/2 amplitude
if RZ0 = (PVin Al=1/2 amplitude (from SM penguin)

m ifR=0and individual Ace's are non-zero = CPV in Al=3/2 = New Physics

m  (oing from amplitudes to BFs and Ac's

1+TD_0(@_2§L0) 1+;ng( ) 1— 37et (B

B+_ TDO 3 TD»}» TDO 3 TD’*' 2 B+O TDO TDO

Acp(D° — ntr™) Acp(D° — 7°7°) Acp(Dt — ntx0)
R = B._ 2B By
+— __ 2540 + )

|

m Use HFLAV averages for Ace’s and PDG for and BFs

[R = (+0.9£3.1) x 1073 }

m (onsistent with zero, error dominated by Ace uncertainties
JolantaBrodzicka HFLAV @(KMZ3
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More sum rules to be testeq/

m Building sum rules for D—KK requires considering full SU(3)r multiplet
m U-spinsum rules to probe New Physics with AU=1 [Talk by Ulrich Nierste on Monday]

m Sum rules for charmed baryons [Talk by Fu-Sheng You on Tuesday]

Acp(Af = prat) +Acp(Ef - ZTK"KT) =0.

C

LACP(A(JF — pK K")+Acp(Bf » 2t 2t) =0

m Hence AAe equivalent for baryons would be:

AANAcp = (Acp(Af = pKTK™) = Acp(Af = prtn)) = (Acp(EF = STKTK ™) = Acp(EF - T r'n7))

m AAAer=0in U-spin limit

JolantaBrodzicka HFLAV @(KMZ3
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summary

m  Mixing well established, no significant indirect CPV

m  More HFLAV averages under:
https://hflav.web.cern.ch/content/charm-cpv-and-oscillations

m 2023 HFLAV Report including results made public till end of CKM2023

HFLAV

JolantaBrodzicka HFLAV @(KMZ3
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Backup slides
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Standard parameterization of mixing

|D;) = pID;’)—i-q@z) |D,(t)) = |D1)e—f(m1—§r1)
|D,) = p|D% —q|D% ID,(t)) = |D,)e*(ma—1Ts)
szz_M]-:A_M y=r2_rl=£
R r il 2T
9 _ (9| _is Abos i
ol g . =3/R, e

a’ B cosd sind x\  xcosd+ ysind
vy’ o —sind cosd y |  ycosd —xsind

JolantaBrodzicka HFLAV @(KMZ3
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Standard parameterization of mixing and PV

N(D° T .
( dt-*f) o e-Tt {RD+ g‘/ p(y' cosp — ' sln¢)(Ft)+| 1 )(I‘t)z}
N(D°—>f F: )= i
( dt_)f) o e TF {RD+ 1—)\/ R,y cos¢p + ' smqb)(I‘t)-I—‘ ' P +y )(Ft)z}
q
(R _RD) : i i
A= CPYV in the decay amplitude (direct CPV)
(Rp + Rp)
q

I CPYV in mixing
p
¢ CPYV in mixed/direct interference

JolantaBrodzicka HFLAV @(KMZ3 3



Kagan, Sokoloff PRD 80, 076008 (2009)

Super-weak approximation

No direct CPV at tree-level [Av=0], no subleading phases in SCS [Arg(/:2)=0]

[x,y, la/pl, @l—Ixz, yr, @zl

Additional constraint:
(1—lg/pl) =

(L4 la/pl*) v
m Relations between two parameter sets:

tan ¢ =

_ ~1/2
Tiy — Y2 T \/(w%2 +93,)? — 4x},yd, sin® @,
Tr =
2
2 2 2 1172
Yi, — Tip T+ \/(w%2 + y3,)? — 4x,y3, sin” ¢,
y —_—
2
2 2 . 1/4
‘g‘ _ [ %12 + Y1z + 22,y,, 80 @y,
p wiz + yfz — 2x,,Y,,8In @,,
sin 2
tan2¢ = — P12 5
cos 2¢),, + (Yy5/T ;)

JolantaBrodzicka HFLAV @(KMZ3 o4



Ar-and ye averages [used in mixing fit]

TK—n+
Yop = —1
Th+h-
HFLAV IIIllllIllIIIIIIIIIII'IIIIIIIII‘I'I
E791 1999 mz'l, : i
CLEO 2002 | . ;“
Belle 2009 (K'K'K) e
BESIII 2015 P—’_*
Belle 2016 (KK /x'x) H
LHCb 2019 o
Belle 2020 (K ) e
World average
lllllllllllllllllllllIIIll]llllllllllllllllllll_l
4321012345

Ycp (%)

JolantaBrodzicka HFLAV @(KMZ3

0.732 +2.890 + 1.030 %

3.420 +1.390 = 0.740 %

-1.200 = 2.500 = 1.400 %

0.110 = 0.610 = 0.520 %

0.720 + 0.180 + 0.124 %

-2.000 = 1.300 = 0.700 %

1.110 = 0.220 = 0.090 %

0.570 = 0.130 = 0.090 %

0.960 = 0.910 = 0.643 %

0.719 = 0.113 %

A — TDO—sh+h— — TDO—h+h—
F —_—
TPO_sh+h— T TDO—sh+h—
II]IIIIIIIIIIIIIIIII_I
HFLAV
Belle 2016 ;{ . %;
LHCb 2021 p+D * tag o
World average H
,,lllllllIIlllllllllllllllllllll_l.
02 01 0 01 02 03
A (%)

0.088 = 0.255 = 0.058 %

-0.120 = 0.120 %

-0.030 = 0.200 = 0.070 %

0.010 = 0.011 = 0.003 %

Danané: DDN 1NA

0.009 = 0.011 %

25



Ar-world average

m (020

L U LR R
ICHEP 2020

Belle 2016 }

LHCh 2020 11+ D™ tag

World average

i

0.2 0.1 -0 01 02 03

_ Tpo—spth— — TDO—h+h—

Ar

TDO—sh+h— T TDO—sh+h-

2021

0.088 + 0.255 = 0.058 %
-0.120 = 0.120 %
Belle 2016

-0.030 = 0.200 = 0.070 %

-0.029 = 0.020 = 0.006 % LHCH 2021 u +D " tag

-0.031 = 0.020 % World average

Ap (%)

(—=3.14+2.0) x 10

JolantaBrodzicka HFLAV @(KMZ3

B
CHARM 2021

0.088 = 0.255 = 0.058 %
-0.120 = 0.120 %

-0.030 = 0.200 = 0.070 %

0.010 = 0.011 = 0.003 %

0.009 = 0.011 %

H

er Lo Lo v o B g [pnaela el

02 ¢1 -0 01 02 03

Ao (409 £1.1) x 107*
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Kagan, Silvestrini PRD 103, 053008 (2021)

More general super-weak approximation

No direct CPV at tree-level [Av=0], subleading phases allowed in SCS [Arg(72)#0]
Indirect CPV with two parameters @™:=Arg[Mwl, @’ 2=Arg[I ]

(%, y, la/pl, @] —[xe, yro, @™, 9’7

m Relations between two parameter sets:

_ 11/2
T = |T— Yt \/(11332 +y3,)? — da?yd, sin’ (4 — 4f)
; 11/2
Yy = |Yp— T+ \/(wfz +y%,)? — da?,y?, sin® (¢} — ¢f)
Ig ! — i, + Yia + 2%1,y,,8in(dy" — ¢7)
p Tl, + Yo — 22,5, 8in(@y" — ¢3)

B x2, sin 2¢) + y?, sin 2¢}

tan2¢ =
x2, cos 29} + y2, cos 2¢]

JolantaBrodzicka HFLAV @(KMZ3 27



Di Canto et al. PRD 99,012007 (2019)

Mixing parameterization

$CP=—Im(ch)=l a:cosgzb(g + 8>+ysin¢(g _ 7_’)
2 | pl g pl gl

2 | pl g p| |ql/]

1 q p : q )]

= —Re(zcp) = 5 COS¢(—+—)—xsm¢(———)
Ycp (zep) 2-y , . . 1)
Ay=—Re(Az)=1 yCOSQb(g—I—))—xsinqb(g_*_z_))
21 Pl lq pl lql/.
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