Prospect of charm physics at Belle 11
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® Introduction: SuperKEKB and Belle 11

® Introduction: D%-D° mixing and CP violation
® DY/DO tag and performance with D° at Belle 11
® DO-D? mixing and CP violation at Belle 11

® Time-integrated CP asymmetry Ay at Belle I
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The SuperKEKB accelerator
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Belle |1 detector

Resistive Plate Counter (barrel)
Seintillator + WLSF + MPPC (end-caps)

EM Calorimeter: W"' '
{CSI(TI), waveform samp b /////Y -

KL and muon detector: J

dentification
pagation counter (barrel)

electron (7GeV) Prox: focusing Aecrogel RICH (fwd)

Vertex Detector
2 layers DEPFET + 4

positron (4GeV)

Small cells, long lever arm, {3
electronics

LCentral Drift Chambé

® Phase 11 @ Belle I1: Physics run already started in 2019
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Measurement of the integrated luminosity of the Phase 2 data of the —

Belle II experiment
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Charm meson data

Experiment  Machine
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D%-D% mixing

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

a5 () (58),

of mass eigenstates
D1y = p|D%) +4q|D°

D° and D° are combinations

. |D2) = pD%)—q|D )

(Two parameters describe
DO and D? mixing

AM = M, — M,

r=—

AM
I‘.
ATl

” The mass eigenstates )
develop In time as

‘Dl,Q(t» = 6152(t)D152-(0)>
eralt) = el i0namiria))

" If either x or y are not )
Zero, mixing occurs

: 2
% a] -t cosh(yl't) — cos(xT't)]

[(D"[D°(#))]* = »
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_ ‘ 1
(PP OF =5 |

e 1! [cosh(ylt) — cos(;ﬂy




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 . l u
short distance (<0.1%0) long distance (~1%b)

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




CP violation

® CPV @SM: phase in CKM
v' @ charm sector: ~O(10°)
v’ ~1% exp. sensitivity to observe NP

® Time integrated CP asymmetry Acp | (D — f)—T(D —
v Decay @ D* & Dy : direct CPV T H+TD =)
v Decay @ DO: direct and indirect CPV combined

PO | f 2 4 p0 - f 2 -
® Direct CPV, |Ay/Agl # 1
0 po 2 0 Do
Po_P N RN f 2 | B
® CPV In mixing, |g/p| # 1
> o | |-el|
|| * .| ®CPVininterference, Arg(q/p)=¢=0




Status of DO%-D° mixing and CPV

® DO-DO mixing is well established, x and y are small than < 102
v If p = g, no CP violation
v If |g/p| # 1, CP violation (CPV) occurs, |g/p| and Arg(g/p)= ¢

s 1m no CPV 3 m |CPVa110wed w 40 Wio
> Moriond 2019 = 1| Moriond 2013 3 L i pr——— 20
i i o 30 =z
0.8 T : r % 3 40
or 0.8 i = - M 50
r L o 20
06 e (EEE i ! T
L 0.6 = o - ;
L o, C — < 10 i
0.4] = - . N :
0.2 0.2 10 /7
| _ :
0 20 0 u ;0 2 L
L - ; 3 -
LJarX in-1000 12E2AF 5° 3o -30°
-0 aAr /NI LIUI . LLILS| 4o 0 40 5
— e L L . . . . L ! \! 5 S B | L1 1 L L1 | - L L1 L L1 | - \! 5 :
—02 0 02 04 06 08 1 . -02 0 02 04 06 08 1 ~4%4 203 202 01 0 01 02 03 04
X (%) X (%) Iq/pl-1

® No evidence for CPV from D%-D? mixing |g/p| # 1 and ¢ # 0.



Tag D? and DY

® Decaye e —cc— D*¥+X
v' DY/DP tagged by =, of D*
D**(cd)—DY (cu)n
D* ™ (cd)—DV (cu)ng

v’ select DY/DO from cc events by === »
momentum of D° at CMS > (about) 2.5GeV/c

v' Determine D9/DP lifetime t and its
v error o, with vertices and momentum

® Partial reconstruction: B%-> D*+ | v, and D*+ -> Dt s
v" High efficiency (~65%0) and low mis-tagging rate
v Absolute branching fraction
v Low DY%DO yield = Belle 11



Prompt DYD° flavor tag

® (New) ROE method: tag D%D° from D/D°mother in cc events

non-charged D* decay
v Events with one K*
v Flavor tagged by charge of kaon
v Flavor mis-tagging due to ccss events
v" Irreducible background due to DCS decay neutral D*
® ROE method with higher mis-tagging %
rate and lower purity
® D* & ROE methods, almost double D%/D° sample

® A reduction of ~15% of 6, on Aqp

DO (cU) = poreicies
/ tagged D°
C A Flavor-tagging Produced D° Mistagging Efficiency

peeeemmenoSStOftheavene / _-: Method Npe w € Q=re(l—2w)?
P Femeaton — O wteacionpo. D* . 095 07 =

E/ ROE - criteria A 3 13.3% 26.7% 20.1%
P other - ROE - criteria B 3 9.8% 16.8% 13.7%
e >Cq T ROE - criteria C 3 4.9% 15.9% 15.7%

K* (su) flavour tagging ¢ - - - G partial B reconstruction 0.13 < 1% 65% ~ (311(4




Performance with DO
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® Belle Il vertex resolution, ~2 better than BaBar

® Decay time resolution 0.14ps, ~2 better than Belle,

® Increased tracking volume in SVD & CDC = ~30% higher Kq
efficiency
® Improved PID with better K/x separation relative to Belle
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Charm frome'e —cc
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Prospects for charm at Belle 11

® The following projections are extrapolated from Belle results

—1
OBelle 11 — \/(O-gtat + O-szyst) ' (EBeﬂe/‘ESO ab ) - O-izrred

® Assumption: most of systematics scale with statistics
® Maybe (other) sources of systematics errors that do no scale
with statistics, that show up in very high statistics samples.
v Belle Il will have high statistics control samples to keep
them under control
® The detector improvements w.r.t. Belle will be helpful, but
their effect is not included in these extrapolations unless
Otherwise stated.



Wrong-sign D° -> K* ¢

® Time-depend ratios of WS to RS decay rates with CP conservation

l—‘ Pt /2 g2 2
O N e v )

Wrong-Sign K™ po Right-Sign Kt

A ' = xcosdir +ysindxx
DO Yy = ycosdxr — TSindgr

: Oy, relative strong phase
PRL 112, 111801 | Kn Jp
0.006 —
Test Fit Correlation
_ N hypothesis results coefficient
g 000sr (y*/DOF) Parameters (107%)  Rp y' x'?
o
Mixing Rp 3534£0.13 1 -0.865 -+0.737
0.004 - 4.2/7) y 46+34 1 —0.948
- x'? 0.09 +0.22 1
i No mixing Rp 3.864 + 0.059
e ®35/9)
t/t —




Wrong-sign D° -> K* ¢

NO CPV 6x°%(10°) 22 7.5 3.7 2.3
oY’ (%) 0.34 0.11 0.056 0.035
CPV ox’(%) 0.37 0.23 0.15
allowed
oY’ (%) 0.26 0.17 0.10
d|a/p| 0.197 0.089 0.051
op(°) 15.5 0.2 5.7

® About factor 8-10 better



Self-conjugated D° -> K, nt* 7t

® Time-depend Dalitz analysis allows a CE/DCS
direct measurement of (X, y), [g/p| and DO [SelfConjugated  h

Arglap)=¢ - \M\ Jy

MO R = S (A7 + 2142 cosh(uTe) + (LA — |£2]47[2) cos(xTe)
+2Re[1 Az Af] sinh(yT't) + 2Im[Z A7 A7] sin(xT't)]

® Belle used 1.23X10° sample, rich physics process

P 3 0.015 » ; \
. 9 ‘ — CPV allowed (95%)
v RS: K™ T E s — CP- conserved(la 95%)
v WS: K*m- % 2 R T S
/ CP-: KSp 1; -0.005| 1
i PRD 89;, 091103(R)
S R 0001 0005 0 0005 001 0015

1 2 3
X

m? (GeV?/c?) 17



Self-conjugated D° -> K, nt* 7t

® Expected Belle 11 sensitivity

v" Assignificantly improved o, g
v" Irreducable uncertainty is Dalitz model ;v;:sesr‘f“ff'\
v' (dominant) Dalitz model uncertainty - ’
v (promising) model independent approach c
Data stat. syst. Total | stat. syst. Total
red. irred. red. irred.
o, (1072) o, (1072)

976 th=1 | 0.19 0.06 0.11 0.20 0.15 0.06 0.04 0.16
5ab~! | 0.08 0.03 0.11 0.14 0.06 0.03 0.04 0.08
50 ab—1 | 0.03 0.01 0.11 0.11 0.02 0.01 0.04 0.05

lq/p| (1072) ¢ (°)
076 th~1 | 155 5.2-5.6 T7.0-6.7 17.8 | 10.7 4445 3837 12.2
5ab~!l| 69 2325 7.0-67 99101 | 47 1.9-2.0 3837 6.3-6.4

50 ab~1 22 0708 T7.0-6.7 T7.0-74 1.5 0.6 3.8-3.7  4.0-4.2




Wrong-sign D? -> K* it~ ®tf

dNJT(Sl'), 513, [)

® Time-depend Dalitz analysis S e T IARSE AR AT S coss;

::2 + 52 N
— Xsind;](I') + ' r ) |A%P|2(F1)‘},

CF / — i
/p_\ X, o = XCOSOg, -0+ ysSiNOg, v,

DO Wrong-Sign  K*zx° )0 Right-Sign  g-7*7° y}( =y CoS8yyn0 — xsindg, .
D* -~ 0.06
_ ., 0.061
® veto no DO-D%mixing @ three-body decay .| 3.20
Resonance a?cs S?CS (°) fi (%) s
p(770) I (fixed) 0 (fixed) 398+ 65 o + \
KP(1430) 0088 +0.017  —172+129  2.0+07 : |
K;'(1430) 678 + 1.00 69.1 +10.9  13.1+33 .02
K**(892) 08990005 —171.0%59  356+55 o,
KP(1430)  1.65+059  —444=185 28+ 15 :
K*(892)  0.398 = 0.038 241498 65+ 14 %66 004 002 0 002 004 006
p(1700) 54+ 1.6 15744203 2.0+ LI X

o/ro = 0.353 = 0.091 = 0.066

;ZTl,/rU — —0.002 = 0.000 + 0.0 RL 103, 211801

19




v" More improvement from ROE method

fitting times
] — [Se] (U] Ly wn (=23

Wrong-sign D? -> K* it~ ®tf

® For 50 ab! data, there are (about) 225K D° -> K* 7t~ ¥ events
® MC study, smear exponential time with Gauss (c=140 ps)
® \Without considering background effect
® BaBar results @ MC production, fixed é and r, fixed

v An order of magnitude better than BaBar, if no background

v' Statistical uncertainty only

 CPC 4

L1

T,

173001

0.02594

Std Dev 0.0005697

|9

0.024

0.02

X

6 0.028

fitting times

] — 3] (O8] RS Lh
TTT [T T [TT T [TITr]

sl

10
mean 0.003441

Std Dev 0.0004906

0.004
y

0.002

0.006

c,. = 0.057%
c,, = 0.049%



Time-integrated CP asymmetry Aqp

® For Belle 11 50 ab* data, A, with precision of order 0.1%

Table 121: Time-integrated C'P asymmetries measured by Belle, and the precision expected
for Belle II in 50 ab~! of data.

Mode L (fh~1) Acp (%) Belle II 50 ab™!
DY - KtK- 976 —0.32 £0.21 £0.09 +0.03
DY — g 976 +0.55 £ 0.36 £ 0.09 +0.05
DY — 70,.0 966 —0.03 £0.64 £0.10 +0.09
DY — K9 s w0 966 —0.21 +£0.16 £0.07 +0.03
DY — K%y 791 +0.54 £0.51 £0.16 +0.07
D — K2/ 791 4+0.98 £0.67 £0.14 +0.09
D - nta— 70 532 +0.43 £ 1.30 +0.13
D — K+np— 7Y 281 —0.60 = 5.30 +0.40
DY » Ktn—ntn— 281 —1.80 +£4.40 +0.33
D+ — ¢mt 955 +0.51 £0.28 £0.05 +0.04
D+ — nat 791 +1.74 £1.13 £0.19 +0.14
D+ — p'nt 791 —0.12 £1.12 £0.17 +0.14
DY — K%zt 977 —0.36 £0.09 £0.07 +0.03
DY - KY K+ 977 —0.25 £0.28 +£0.14 +0.05
Df — K%n™t 673  +5.45 +2.50 £+0.33 +0.29
Df - KYK+ 673 +0.12 £0.36 £0.22 +0.05

21



SCS decay DO%KgKg

(DY - KYK?) —T'(D° - K(KY)

Acp = _ — Ad m i
CP F(D0—>K2Kg)+F(DO—>KgKg) ACP ACP +ACP+ACP

® Direct CPV @ SCS decay: order 104, interference of tree and
penguin amplitudes.

® SCS decay: sensitive to contribution by strong penguin operator
® Promising channel, CPV can be as large as 1% in SM

N(D°) - N(D°) LK
Apyw = N(DO) n N(D()) = Acp +Apg + Ac + A¢

v Acp: true CP asymmetry

v A?: different strong interaction of KY/K0 with detector material
v Agp: forward-backward production asymmetry of D°

+ _ _ R Normalization mode
v Ag: from different detection efficiencies for n*

DV K3n



SCS decay DO—>KgKOS

Acp(D° = K'KY) = Apw(KVKY) — A (K270 + Ao p(K270)

® Due to KgKO, asymmetry from A£< Is null

® Dominant uncertainty by ACP(DOHKgnO).

® \Vith Belle I1 50 ab! data, o

stat

source PRL 119, 171801 Acp (%) B (%)
D’ — K{%K% PDF parametrization +0.01 +0.28
D" — K%x° PDF parametrization £0.00 +0.23
D’ — K9K9 peaking background +0.01 +0.59
D" — K3z peaking background £0.00 +0.03
K“/I\;O material effects +0.01

K reconstruction efficiency e +1.57
7% reconstruction efficiency (---) +2.16
Quadratic sum of above +0.02 +2.76
External input (D° — K9z° mode) +0.17 +3.33

=0.23%
Exp. Results L(fo1)
CLEO Acp | (-23£10)% 13.7
LHCb Acp | (2.0+£2.9£1.0)% (Beauty 2018) 5
Belle Agp (-0.02+1.534+0.02+0.17)% 921
BESIII Br (1.67:|:U.11:|:0.ll)><10_4 2.93
Belle Br (1.3240.0240.04+0.04) x 10~ 921
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SCS decay D* — m*m’

® Because CPV in nt*a is tiny in SM, any CP asymmetry found
would point to NP
. ND" -2 = ND™ -z 2"
raw N(D+ N Jr+7r0) —I—N(D_ — ﬁ—ﬂ('))

Afhy = ATy + App + AT

v' Acp: true CP asymmetry
v App: forward-backward production asymmetry of D® Normalization mode

v A¥: from different detection efficiencies for n* D* — m*Kg

TABLE Il.  Summary of systematic uncertainties (%) on Agp. . BE| Ie 0921 ab_l data.

PRD 97, 011101(R) D > ax
Source ’ D — nr tageed untageed ACP(D+ — Jr+1r0) — (—|-23] 4+ 1.24 + 023)%
Signal shape +0.02 +0.23

Peaking background shape +0.19 +0.22 ® Beue I I 50 ab'l data

AA_,,, measurement +0.19 +0.32 \/ o — O 2_0 4%

Acp(D — K97) measurement +0.12 stat

Total

(combined A,p measurement) +0.23 24




DO -> y¢ and yp

(a) ® . Acp(D° = pO%) = +0.056 £ 0.152 =+ 0.006,

o[ =t S C W 5/ ¢ 0 -
D' % ¢ D l.'. @P’m Aep(D - ¢r) = —0.094 + 0.066 = 0.001,
Y \O VUVY A (DY = K%)= —0.003 + 0.020 =+ 0.000,

a

® Direct CPV in radiative decays can be PRL 118, 051801

enhanced by chromomagnetic dipole

operators PRL 109, 171801 et
v Agp Up to several % S
® MC study: (similar) veto D° ->Vrl by # .- \
©° neutral network and D° mass resolution .. ™~
\
0.976 5 15 50
DO->yp £0.152 007 +0.04  0.02 L I

DO->yp +0.066 +0.03 +0.02  +0.01 o5



Summary and outlook

® SuperKEKB & Belle 11 are excellent platform for charm physics
v Phase Il already started in 2019
v" Belle 11 will collect 50 ab! data
v" Belle Il has better D decay time resolution, K & neutrals
reconstruction, PID and D° tag than Belle

@® Better precision on x and y variables is expected

® A, with precision of order 0.1% is expected

® More details at Belle Physics Book arXiv:1808.10567




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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