Dalitz analysis of DY — K- " 1 and Time-
(in)dependent Dalitz Analysis package DAFNE
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KEKB accelerator & Belle Detector

Aerogel Cherenkov cnt.

SC solenoid n=1.015~1.030

15T

CsI(TI)
16X,

Y
s\ Central Drift Chamber
o \s\{nall cell +He/C,Hy

Si vtx. det.
3(4) lyr. DSSD

pn/ K, detection
14/15 lyr. RPC+Fe

® Asymmetric e*e collider
v 8 GeV(e); 3.5GeV(e*)
v' Around 10.58GeV < Y(4S)

® B factory, also tau-charm factory

(fb™)

>1ab™?’
On resonance :
Y(5S): 121 fb !
Y(4S): 711 b
Y(3S): 3fb!
Y(2S): 25 b !
Y(1S): 6 b
Off reson./scan:

~100 b !
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On resonance:
Y(4S): 433 b
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Y(3S): 30 fb~!

Y(2S): 14 fb!

Off resonance:
~54 fb!
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DY - K 7©*n

D[_]

® DY — K- m*n process
v’ Cabibbo favored viac —>su d
v" Firstly observed by CLEO |
v BESIII: Br=(1.853+£0.025+0.031)% ;"

v" Input for D%-D° mixing via :
D? — K* 7 n o L ol
® DY — K™ n: W-exchange diagram | PRD 48, 4007 (1993) -

v D% — KL 70 n: (1.02 £ 0.30)%
v Theory calculation: RR D81, 074021;  « PRL9%d381 (2004)

D86, 036012; D89, 054006; (0.51-0.92)% < PN
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DY — K ©*n

® D three-body hadronic decay

v' study light hadron spectrum * o
® Kaon spectrum _ o

v PDG2022: 25 kaon states below 3 2 == .o

3.1 GeV/c? g 1S e

v Only 13 states well established, = +

v’ 12 states need confirmation W S i

v' Little progress in past 30 years o
® K* @ Kn & Kn S

v’ Search K*(1410), K*(1680) and K,*(1980) @ Kn
v' K*(1680) as pure 13D, state
v K*(1410) & K*(1680): mixture 23S, and 13D,



DY - K n* n @ Belle

® Belle data: total 953 fb-1

v Y (nS) with n=[1, 5] & continuum data

® cte->y* > D™+ X

D* - Dn+and D° - K ©n™ q
v' DY/DP tagged by =, of D*

v Veto D™ from B decay

® M-Q two-dimension fit:
v M =My, ,and Q=M
v 105197 + 60 events at
signal region, with purity
(94.6 = 0.9)%

PRD 102, 012002 (2020)
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Generalization of Dalitz analysis

® Unbinned maximum likelihood method

i 2 2
ABach = —2 E :ln szgpS’Lg mAB mecz) + fbk:gpbkg(mAB,z'vaC,i)]

Isobar model [M(mp,mpc) = anre®™ ™ + ) a,e' A (m}p, mpc)

T
g o Background PDF
2, Sig % > DOV, %
1.8 182 184 18 188 19 192 i 2 4 12 14 > DO x’ TCS ‘\/
M (GeV/c?) Q (MeV/c?) > Do X TE X

Efficiency plane " Dalitz fit

> M 5|deband @ Q S|gnal

18- qo.os 18-
—~ 1.6/ — 16
S ~0.04 o -
o; 1.4 b &; 1.4:7
q, 0.03 D 120
12 8
& e
= e C
oS 0.02 o
08 08F
; 0.01 E
0.6 0.6~
C ‘- - - o e e
04554 06 08 1 12 14 16 18 ° S Y- R R - M R -
2, 4 2, 4
m2_(GeV?/c?) 2 2 2 /2 2 mZ_(GeV?/c?)
K Daig = Do [IM(mi, s mas ;)| "€ (miy ;;mas ;) 6
sig —

> ffpp dm%Qdmgg |M(m%2’mgs)|2€j (m§2,m§3)



Events / 0.030 GeV?/c*

Dalitz plot fit results
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® The fit quality ¥2/d.o.f = 1638/(1415-24) = 1.18



Dalitz plot fit results

Component

Magnitude

Phase (°)

Fit fraction (%)

K*(892)°
ay(980)*
Kn S-wave
Kn S-wave
a,(1320)"
K*(1410)°
*(1680)7
5(1980)7

Sum

1

47.61 + 1.321024+364

2.779+£0.032 310.3 £ 1.1 39.28 4 1.50, 2%+
10.82£0.23 500+5.7 31.924+ 121535157
1.70 £0.082 113.8 £13.6 3.37 £ 0.501077+320

1.27 £ 0.079
4.84 +0.36
2.56 +0.18
9.29 4 0.69
DY ->K* 7w n

232.2+6.6
207.7 4.0

283.4+4.7 0.74 +0.091006:037
3527428 694 +0.8510552%
1.07 4 0.160-1140.58

1.13 4 0.1510:05+0.88

132.1 4 3.4116+83

Events

3540404-009
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® Dominant components: K*(892)° and a,(980)*
® Kn S-wave with K,*(1430): > 30c
® K*(1680)/K,*(1980) -> K- n are observed for the first time
with 160 /170

P S T il
05 1.0 15
m?(nn°) (GeV/c?)?

576y PRL 931111801 (2004)

Total
............ Background
_____ a,(980)K°
........ - a,(1320)K?

......... - K*(892)m
_______ K5(1430)n
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Branching fractions @ D° -> K- ©t* n

® Normalized mode DY -> K- &t*
® B(D° - K*(892)°n) = (1.41 +£ 0.041377 £ 0.01)%
v PDG: B(D? -> K*(892)° 1) = (1.02 % 0.30)%
v Theory prediction: (0.51-0.92)%
v’ deviates theory prediction with significance of more than 3o
L B(DO - K*(1680) "t - K nprr*) = (2.11 + 0.327375 + 0.02) X 107
v B(D® > K*(1680) " - K ") = (0.19 + 0.07)% @ PDG

B(K*(1680)—-K™n) _ +0.06
Y B(K*(1680)—~K~m) =0.11+0. 02_0 O4+0 04

v B(K*(1680)->K=?) = (12.90+0.83)% @ PDG
v B(K*(1680) "> K™n) = (1.44 £ 0.21%373 £ 0.54)%
® B(D%->K,*(1980)n*->K-t™) = (2.2 +1.7-1.9) X 104
v Strongly suppressed do to phase-space and yet allowed due
to large width of K,*(1980)




K*(1680)

® K*(1680) as pure 1°D, state
v Kn : Kn = 1.0 @ theory

/ Belle: K- K= 0114007 e  G02MeV 45 MeV
cHE. T - T]: T Ty, 64.4 MeV 53 MeV
v Kr, Kp, and K*(892)n
v Any idea ?
+
T/ Tcx@sye 1.66 1.8 2.8+1.1
To/Tc 0.65 0.58 1.240.4
T/Tcx o2y 1.07 1.04 1.05+0.27-0.11

® K*(1410) and K*(1680): mixture 23S, and 1°D,

|K*(1410))\  ( cosbsa sinbsq \ (|1°Dy)
|K*(1680)) ] — \ —sin 6,y cos by 12°81)



D%-D°® mixing

D and D are flavor eigenstates, )
propagate and decays according to

O (D(t)\ [, 0 DO(t)
ot ( D°(t) ) B (M_ EF) ( DO(t) ))
D0 and D? are combinations)  (* The mass eigenstates
of mass eigenstates develop in time as

D) = p|D%) +q|D") [D12(t)) = 6152(?f)D1,.2_(0)>
Do) = pD) =D ) \lewa(t) = el(Ma-ihia)

Two parameters describe) (" If either x or y are not
D% and D° mixing Zero, mixing occurs

= % AM = M,y — My (DPID°ENF = 5 |2 cosh(yT't) — cos(aT?)]

V= % AT=T T ) (D100 = LIRL e osh(yTt) - cos(aT)

2\q




D%-D% mixing

® DO-D? mixing: only up-type quark meson system
Kl K, Bg@ 1_33 and BY < BY
® In Standard model (SM) , D%-D? mixing is
v GIM & CKM
® The SM predicts: [x|, |y| ~0(1%0)

C

e d‘s;b U ¢ W u - .
. 4 —_—
’ W W D' dsh iib D DO [ KK T\ DO
iij W ” IR " .
i : - - .

( i . U u
short distance (<0.1%0) long distance (~1%)

® Precisely measured x and y
v Test SM prediction
v' Sensitive to new physics




CP violation

® CP Violation @SM: phase in CKM
v' @ charm sector: ~O(10°)
v’ ~1% exp. sensitivity to observe NP
® Time integrated CP asymmetry Ap y (D — f)—T(D

)

—
v Decay @ D* & Dy : direct CPV T H+TD =)
v’ Decay @ DP°: direct and indirect CP Violation combined

AR A R i . _
® Direct CPV, |A¢/Ag] # 1
0 po 2 0 Do )
P QP J? " P C}p f | B
® CPV In mixing, |g/p| #1
> | |-el|
|| * .| ®CPVininterference, Arg(q/p)=¢=0
J S




Time-dependent Dalitz Analysis
(TDDA)

® Three (four) dimensional fit
v Dalitz analysis (two variable)
v DY/DOdecay time
v' (with) decay time error

® Extract mixing parameters in D%D° decay

v (X, Y), la/p| and Arg(a/p)= ¢
v' e.g. self-conjugated D° — K. n* 7

m%» [GeV/c?)

e—Ft

%gf. 0P =5 [(lAflz + .

p

q

p

2
|Af|2) cos(xT't)

2
|Af|2> cosh(yI't) + \|Af|2 —

Could be represented [q ] . [CI o
i +2Re |- AzA7 | sinh(yI't) + 2Im |- AzA% | sin(xTt
by Dalitz plot p I g p T o)l

® Measure CP violation in pure mixing or in interference of decay
amplitudes with and without mixing 14



DV - K.t

ents @ Belle

1.2M D% — K. " 7 ev
v RS: Kt 3
* S
v WS: K* - &
v CP+: Kdf,
Belle 11 vertex resolution, ~2 better than BaBar

m?2 (GeV?c?)

0.015

0.01

-0.005

-0.01
-0.01 -0.005 0

Decay time resolution 0.14ps, ~2 better than Belle,
Increased tracking volume in SVD & CDC = ~30% higher Kg efficiency
Improved PID with better K/zt separation relative to Belle
Belle 11: 50 ab! data (plan) — ~80 M D° — K. "

No TDDA package @ market & Speed !!! 15

— CPV-allowed(95%)

erved(1c,99
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The DAFNE

® The DAFNE (DAlitz Fitter aNd Event generator)
v' C++ Time-(in)dependent Dalitz analysis framework for
P — PPP decay
v" Running on multithread CPU based on Hydra framework

DAFNE
(DAlitz Fitter aNd Event generator): BROOKHFAEN

NATIONAL LABORATORY

w

https://stash.desy.de/users/dicanto/re
pos/dafne/browse

Computing Support:
"@ https://github.com/Multit

. hreadCorner/Hydra/
Reference for formula & logic:
CUDA OpenMP TBB cfit (original from Babar):
(Compute Unified (Open Multi- (Threading Building httDSI//gith U bCOm/Cflt/Cflt/t
Device Architecture) Processing) Blocks) ree/master/include/cﬁt

Nvidia GPU CPU CPU 16


https://github.com/MultithreadCorner/Hydra/
https://stash.desy.de/users/dicanto/repos/dafne/browse
https://github.com/cfit/cfit/tree/master/include/cfit

The DAFNE Framework

® Time-(in)dependent Dalitz analysis

® Supported amplitutudes

v BW, GS, LASS, generated LASS
v Flatte, K-matrix

® MC generation
v’ Efficiency plane
v' Dalitz variable & decay time smearlng
background, exponential sampling method 2Re

® Fitting

v" Improved Minuit2 interference, time resolution
Semi-analytical normalization, contour

v’ Efficiency plan, background

v Future feature: KDE efficiency, automatic scan
plots generation

® Auxiliary functions:
v configuration file interface, components plotting
time-independent & time dependent (not yet)

|Tf(mi,m3;t)|2 =

cosh(zt/2) .
gi(t) =0(t)e” tmt o t/zsmh(zt/z) z=—(y+ix)

——————————————————————————————————————————————————————————————————

| T (m3, m? t)| ® G(t,b,so,)

12
‘Af +Af e~ (1-0Tt 4 Af +Af e~ (1+x)Tt 4

[Af + ApAf + A%

—(1-iy)Tt
3 3 ]e }® G(t, b, sar)



Dalitz analysis

® Dalitz analysis of D - K" nt* n®
v 0.5 M D% - K- nt* n¥ toy MC with CLEO results

Mode Fit fraction xx%%* Fit fractions:
p(770) K~ 0.788%0.019+0.013+0.046 RHO 770 P = 0.769072 +- 0.003002
K*(892)"m*  0.161%0.007=0.0077 00 KST_892_M = 0.164155 +- 0.000950
K*(892)°7°  0.127%0.009+0.005+0.015 K5T 892 0 = 0.126109 +- 0.000728
CLEO ra700 k= 0057+0.008+0.007+0.006 RHO_1700_P = 0.009295 +- 0.000029 DAFNE
K (1430)°70  0.041%0.006+0.007 25! K@ 1430 0 = 0.039910 +- 0.000118

KO 1430 M B.032692 +- 0.000096
KST 1680 M = ©0.014659 +- 0.000048
Nonresonant = 0.072988 +- 0.000260

K¥(1430)" 7" 0.033+0.006=0.007+0.012
K*(1680) 7" 0.013+0.003+0.003+0.003
Non-resonant  0.075%0.009=0.006" .03

- * Data = Total Kopl7ma)”
10000 (B2 - (02— R (1430)
L | . .
[ 3 -k u.mam"n" K1 T00) k" {1680) "
]

- homresonant

e [GeV o)

ok 02 04 06 08 1 12 14 16 18
mA K-} [GeV ¢ m( %) [GeV¥ ¢



Time-dependent Dalitz analysis

& s backgound = Total

K@z’ e K°892) x K (770
- 0" - (1270) K, 1430) T

—C1430) T - K (1430) 7 KN1430) "7

= {1680 7' = T'r Swave

Candidates per 0.0128 GeV?/¢*

Candidates per 0.0128 GeV?/c*
Candidates per 0.00895 GeV?/c*

16 1.8
m?; [GeVZict]

22000 # Dala # Data 10° # Data
. 10° = . .

20000 — Signal E — Signal — Signal

Ii - 5 5
. -Randqn1 . F -Handgmn . o [ Random

Combinatorial Combinatorial Combinatorial
16000 r
14000 10t 10°
12000 -
10000 o 102
8000 10° =
5000 E 10
AD0O| o
2000 10° = 1
o E 1 1 M 1
-2 -1 0 1 2 3 4 5 8 0 005 01 015 02 025 03 03 04 045 05

3 : % 3




MC results with DAFNE

® Use 1.2M DY — K. " v events, x = 0.004, y = 0.006
x|y | b | s

0.4108 £+ 0.0006 0.0027 £ 0.0012 0.0061 £ 0.0010 —0.0007 £ 0.0005 1.2000 #+ 0.0019

z [1073] 5.6 +1.9+97 5 5 > >
D y [1073] 3.0 i011,g j§§8 \/aﬂt + Ofloat dalitz = \/0.0012 + 0.0010
BELLE la/pl 0-90i0:15 J—r0:06
¢ [rad] 0.10+£0.19+%0r = 0.0016
Operate with 1M events Single-thread DAFNE, in a 48
Program threads CPU
Time-independent Dalitz Fit ~2 hours ~8 minutes
Time-independent toy generation  ~14 minutes ~1 minutes
Time-dependent Dalitz Fit ~10 minutes <1 minutes
Time-dependent toy generation ~4 hours ~10 minutes

~x10 faster! ror the moment 20




Summary and outlook

® Based on 953 fb! Belle data, Dalitz analysis of D° -> K- t* i is
performed for the first time.
v' B(D? -> K- t* 1) is consistent with BESIII’s result.
v B(D0-> K*(892)° n)=(1.41 +0.13-0.12)%, deviates theory
prediction with significance of more than 3o
v' K*(1680)/K,*(1980) -> K- n are observed.

B(K*(1680)->K™n) _ +0.06 -
v B(K (1680) oK) =0.1110.02(stat) _y" 94 (sys)£0.04(PDG), is not

consistent with theory prediction (=1) under assumption K*(1680)
as pure 13D, state.

® A c++ package DAFNE for time-(in)dependent Dalitz analysis
v Paper in preparation




DY -> K- 7t* n

® \Wrong-sign decays have important role on D%-D° mixing & CP
violation

® \Wrong-sign D° -> K* - ) for D%-D? mixing: not yet

® \With 50 ab! data @ Belle 11, Time-dependent Dalitz analysis of
DY -> K* 7 n: possible

® Right-sign D° -> K- t* n: necessary input for D% -> K* - n

Wrong-Sign ~ K*zn DO Right-Sign K-

po



o FR
DO =
] F B
® Dalitz standard form ar= .. ' | mpPdm? zam3, <

(27)3 32M3
® Isobar model Mm%z mbe) = anne™ +3 " 4, A (md gy mie) c
® Matrix element A, A(ABC|r) = Fp x F, x T, x
O Blatt-Weisskopf centrifugal barrier factor: F, F,
O Angular distribution function Q; by Zemach tensor
O Dynamical function T,
v most of resonances by relativistic Breit-Wigner

v" 3,(980) by Flatte model

1
TR(S) — . 7
fngu — S5 — l(rq}zﬂjpl'ﬂ? + g:;:(tl"r(pf_(”!{ + .g_rzni”p}?-'?f)

v' Kn & Kn S-wave contribution by LASS model

Dalitz analysis formalism A

A s) = Y2 [Bsin(8x + i(6p+s)
aass(s) =50 [Bsin(Op + da)e Non-resonant and K,*(1430) components

+ Sin((SR)g';(‘SR"_qﬁR) ezr’(aﬁ"’fﬁﬁ)] ,



Expected Belle Il precision

S AV | CPV allowed £ 15 CPV allowed
> 1.2 CKM 2016 | >
: Belle 11 50 ab™’
N _
0.8 - N
— i
0.4 R &
0.2 - H
0 o = ‘ 0o
i : ; B Lt ot ‘ _ 26
-0.21- No mixing o ;z [ No lllnglllg | . Z’o
P { i o
0.4 30 = N N I N
_ o -05 0 0.5 1 1.5
I Y- SR O W O WU U R L X (%)
-06-04-02 0 0.2 04 06 08 1 1.2
X (%) Belle 1II (50 ab-1)
World average (mixing): x =0.8 £ 0.09%, y = 0.7 = 0.04%

x = (0.32 = 0.14)%, y = (0.69+°

)% (result is conservative, does not include

-0.07
modes: K'mn’, K K'K" etc.)
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