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e Charm time-integrated CPV
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 Belle Il sensitivity study for Vy
* New flavour tagging techniques at Belle |l

« Summary



Motivation

 Belle, Belle Il : although primarily B-factories, have large
cross-section for charm production

ete™ — Y(4S) — BB 1.1 nb

eTe” — cc 1.3 nb

*e*- e machines can access NP modes such as FCNC decays
* Clean environment

* High trigger efficiency

 Excellent neutral particle (y, Tm°) reconstruction

* Possible to detect decay modes with missing energy

* Complementary to LHCDb results



CPV 1n neutral D:

experimental technque

« D™ to DOrtsiow: Flavor tagging used is usually T*siow

« Data used is usually Upsilon (4S) data: pp* in CMS frame
> 2.5 GeV to suppress D™ coming from B decays

« Kinematic variables looked at: D° invariant mass (Mp°), Mass
difference Mp+- Mp°



Belle II and LHCb

projections

Observables Belle or LHCb* Belle 11 LHCb
(2014) 5ab~! 50 ab™! 2018 50 fb~!
Charm Rare B(D; — pv) 531-1073(1 £5.3% £ 3.8%) 2.9% 0.9%
B(Ds — Tv) 5.70-1073(1 £ 3.7% + 5.4%) 3.5% 2.3%
B(D" — ~v) [1079] < 1.5 0% 25%
Charm CP  Acp(D° — K*K~) [1071] —-32+£214+9 11 6
AAcp(DY — KYK~) [1073] 34* 0.5 0.1
Ap (1077 0.22 0.1  0.03  0.02 0.005
Acp(D° — 7%7%) (1072 ~0.03 £0.64 £0.10 0.29  0.09
Acp(D" — K27 [107%] —0.21+0.16 £0.09 0.08 0.03
Charm Mixing 2(D° — K3n*t7~) [107%]  0.56 £ 0.19+ V% 0.14 0.1
y(D° — Kdntn~) 1073 030+ 0.15+ gog 0.08  0.05
lq/p|(D° — Kortn~) 0.90 £ 918 £ 008 0.10  0.07
H(D° — Knta~) [ —6+11+ 5 6 4

[Belle I1 Internal Note}



Time-integrated CPV 1n charm
sector

 Direct CPV using time-integrated approach

CP —

» Excepted Acp is small
» Observation of large direct Acp would indicate New Physics

Complementary experiments:
Belle ll: Reconstruction asymmetries between K*,K-and 1", 1T,
Forward-backward asymmetry from interference between y and Z
production modes
LHCDb: Underlying pp initial state not CP symmetric: prone to
systematic uncertainties
 Belle Il has an advantage in modes with neutral particles in the

final state
6



Charm CPV results

CPV in D to h*h" decays

o
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* No clear evidence of direct CPV
 No hints of indirect CPV



Time-integrated CPV Belle

results

time-integrated D' — K*K", n'nw
977 fb! preliminary: AA =A A, =(-0.87 £ 0.41 £ 0.06)%

time-integrated D"™— K K*
977 fb-* final: A= (+0.08 £ 0.28 + 0.14)%

time-integrated D"— K n*
977 fb-* final: A= (-0.024 + 0.094 + 0.067)%
[A+A(K®) = (-0.363 £ 0.094 + 0.067)% ]

time-integrated D' — K* w n* w
791 b preliminary: B=(2.61+£0.06 0% _ ) x 104
Taking o and 6 from CLEO: Rp =(0.327 £ 0.019)%

Time-integrated DO to 119, 977 b’
Acp = (-0.03 +/- 0.64 +/- 0.10) x 10-2



Belle 11 projections

Bellell M. Staric @ KEK Flavour Factory Workshop 2014

— 0 - * =

.' m:))de _ L (fb~*) Acp (%) Belle Il at 50 ab = Only D tagglng method
D 5 KYK 976  —0.32+0.21+0.09 +0.03 LHCb .
D° - mtm- 976  +0.55+ 0.36 +0.09 +0.05 LHcp | considered

i D° — nox° 966 —0.03 +0.64 +0.10 +0.09 e Acp precision will reach
D° - KOo7° 966  —0.21+0.16 +0.07 +0.03 O(104 an b
D° - K% 791  +0.54+0.51+0.16 +0.07 (10%) better than the

i Di—) K%' 791 +0.98 + 0.67 +0.14 +0.09 current theoretical
D¥ 5 ¢+ 955  +0.51+0.28 +0.05 +0.04 LHCb =

| Dt =t 791 +1.74+1.13+0.19 +0.14 predictions
D* — oz 791  —0.12+1.12+0.17 +0.14 * Interesting channels such as
Dt — Kon* 977  —0.36+0.09 +0.07 +0.03 0 ¥ 0 A
Dt — KOK* 977  —0.25+0.28 +0.14 +0.05 LHCb D" to I_(SKS’ D*to 1, 3
DF = KOn* 673  +5.45+2.50 £0.33 +0.29 LHCb body final states (DP

DF — KOK+ 673  +0.1240.36 +0.22 +0.05

analysis) not included

 Belle Il will provide best
precision for neutral particle
final states, but will be

LHCb upgrade arXiv:1208.3355

Measurement Current Precision  Precision (50 fb_l)

'»

D’ —» K+ K- 0.15% (3fb- SL) 0.03% competitive with LHCDb for
D° »ntm 0.19% (3fb'- SL) 0.03% charged particle final states
Dt — ¢rt 0.14% (1fb™') 0.01% as well

Dt - K9 K*  0.14% (3fb™ 1) 0.03%_

D - K°7x+  0.17% (3fb™1) 0.03%




DY to hh

time-integrated D°— K*K°, n*mw
977 fb-! preliminary: AA =A . —A__=(-0.87 + 0.41 + 0.06)%

Uncertainties on Acp measurements of K*K-, sr

Source AAKLKT [1072] AALT (1072
Signal counting 0.055 0.023
Slow pion correction 0.065 0.067
Acp extraction 0.006 0.050
total syst. error 0.085 0.087
stat. error 0.210 0.360
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D" to hh
Reducible errors:

* Slow & correction uncertainty:
Difterence in the reconstruction efhiciencies of w*and s from tagging D*
- scales with integrated luminosity
* ACP extraction:
Calculation of final CP asymmetry in the bins of different kinematic
variable
- higher statistics, uncertainty becomes negligible
Irreducible errors:
Signal counting;
Possible difterence between the background shape in signal and sideband

intervals of = _ 42 oo (hth-) —m )2 | KKfinal state: +/- 0.055 x 102
1= (m(hTh=m,) =m(hTh™) =mz)c mrr final state: +/- 0.18 x 10-2

Expected precision for future measurements

K+K—
44Cp

Utotél

= /(0.220 + 0.0662) x 0.976 ab—1/L;;, + 0.0552 [x1072]

Az
total

— /(0.370 + 0.085%) x 0.976 ab 1/ Cins + 0.0182 [x1072]
11 [Belle IT Internal Notel
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Radiative decays

Fractional systematic errors (%) on B(D° to ¢y)

Tracking PID AM My Eff. correc. Fitting/bkg B’s MC stat. ) : : 0 Y
0.59 2.74 0.98 0.94  1.94 39 368 111 Normalization mode: D” to K*K

Acpin D to @y is a future measurement using the same
normalization mode

k+k- _ Nk — Nkk  ,k+k-
A — ~_J A P

m/\hh_ \m/\]{]{ ary KK — — +AFB+AK’
e = - ~ .. AY, — AR Nk + N ;
mf{;: _"*’“* ~ A%, + App + AT
\KK+'Vdn

Detector induced symmetry < / l

Expected precision for future measurements

AZY 9
wg;; = 1/19.92 x 0.078 ab—1/L;,, + 0.062 [x1077] = [Belle 11 Internal Note]



D™ to KK~

Source AX™ cos#GMS binning Fitting Ap correction

Value 0.133 0.021 0.008 0.010

Reducible

 Detector induced asymmetries due to differences in
reconstruction efficiencies of K* and K-

- will scale with increased statistics

» Effect of binning in few kinematic variables

- can be reduced with increased statistics

Irreducible

* To AKXt uncertainty, additional contributions due to sys. err. of
Acp(Ds to ¢17) and t-integrated Acp in DY to K-11*

* Fitting: binning in kinematic variables

* Difference in interactions of K and anti-K in detector

Expected precision for future measurements

KO+
oeb — \/(0.275% + 0.1242 + p0.0532) x 0.976 ab~1/Lim + (1 — p)0.0532 [x 1072

total
13 Belle 11 Internal Note}




DY to 7Y, DY to K"

Belle measurement (D° to %19, 996 fb-1):
Acp =(-0.03 +/- 0.64 +/- 0.10) x 102
* Expect similar systematic error in Belle Il
» | arge fraction of systematics will be reduced with higher

statistics (using dedicated sample of tagged and untagged
DO to K1

Expected precision for future measurements

00
o8 = /(0.64% + 0.102) x 0.996 ab—1 /Ly, + 0.012 [x102]

Similar uncertainties for D° to Ks119

Only difference: additional irreducible sys. err. due to the
neutral K interactions in the material (+/-0.01 x 10-%)
Expected precision for future measurements

Goi = /(0167 +0.00%) x 0.996 ab 1/ Ly, + 0.0 [x10,”] [Belle IT Internal Notel



DY to KK,

SM limit 1.1% for direct CPV in D’ — K 'K °
U. Nierste and A. Schacht, PRD 92 (2015) 054036
SCS decays (such as D” — K K ”) are special interest: possible

interference with NP amplitude could lead to larger nonzero CPV
The previous measured A (D° — K K ") :

CLEO (—23 £ 19)% 13.7 fb™* PRD 63 (2001) 071101

LHCb (-29+52+22)% 3 fb! JHEP 10 (2015) 055

Method: A (D°—>K’K")=(A_ (K')K)-A_ K'r)+A_(D"—K?'n) +A

KO/K™0

A - - Asymmetry originating from the different strong interaction of KO and KO mesons

with nucleons of the detector material = (-0.11 £ 0.01)%
[B.R. Ko etal., PRD 84 (2011) 111501}

A D’ — KSO"O) = (-0.20 + 0.17)% [PDG]

s N. Dash, ICHEP 2016



DY to KK,

A (D"—>KK’)=(-0.02+153+0.17)% [Preliminary result]

[arXiv: 1609.06393]

rra ]T

Belle
i LHCb
1 . fcLeo ...
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Consistent with no CPV, improve precision
of previous best measurement by
more than a factor 3 !!
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Future prospects of D to KK at

Belle 11

Dominant error in measurement is statistical: Belle |l can
greatly improve precision: expect a precision of 0.2% with
similar systematic errors as at Belle

Source

Systematic uncertainty, in %

Signal shape
Peaking background
K°/K° material effects

Acp measurement of Kor”

+0.01

£0.01 Systematic errors at Belle

+0.01
+0.17

Total

+0.17

* [rreducible errors:
Fitting: binning in kinematic variables
Difference in interactions of K and anti-K in detector
 Dominant error arises from Acp measurements of Ks1r°
Errors on Kstt® will reduce with increased statistics at Belle ||

v



DY to Vy

* Study of Do to Vy completed at Belle, branching
fractions and ACP measurements done

* Dominant errors on Acp are statistical: Belle 11 can
drastically improve precision

B (D° — py) = (1.77 £ 0.30 £ 0.07) x 107>
B(D° = ¢v) = (2.76 +0.19 £+ 0.10) x 10~°
B(D° — K*°v) = (4.66 +0.21 +0.21) x 10~*

Acp (D° — p°y) = +0.056 + 0.152 + 0.006
Acp (D° — ¢7) = —0.094 £ 0.066 + 0.001

0 77 %0 L
Acp (D — K '7) — —0.003 £ 0.020 ::; 0.000 arXiv:1603.03257
) |



Belle 11 sensitivity study for
D" toVy

* Decay mode: D™ to D° mrs*, D° to ®y

* Same preselection cuts as in Belle D® — K*% Belle MC

*Look at fit variables distributions in Belle:
m(D®), cos(theta_h)

Events / (0.0039 GeV)
(=]
o
o

* Dominant background: 1° 10 yy

* Determining signal resolution,
background and overlap of the peaks

17 175 18 185 19 185 2 205
m(D°) (GeV)

1" veto checked in Belle

19



El
J

§ 0'09;_ —Belle Il c?g oo _ge:z I
§ 0.08;— —Belle § i ﬂ " Belle :ﬁongé)n.)
S = S 004 1
g 0.07: g B 0 L’
W3 HE —Mc - FY - Same|selection criteria
C 0.03—
oosf- : 1 used for Belle 11
oaf- i i
o ooef f sensitivity study as in
0.02 — 0-01:_ r%l; B elle
0.012— - Hﬁﬂw
o T 18 R o2 R ¥ | R
m(D°) (GeV) m(D") (GeV)
Belle: Belle 1I:
Signal efficiency: 9.8% 7.2%
Signal mean: 1.8645+0.0003 1.8642+0.0003
Signal width: 0.0122+0.0001 0.0164+0.0002
70 bkg. mean: 1.8428+0.0007 1.8421+0.0005
70 bkg. width: 0.01624-0.0004 (0.0187+0.0003) 0.0194i0.0003‘

Resolution in m(D°) is slightly worse than ip Belle



Resolution in cos(fy) is the same as in Belld




DY to Vy

e Statistical error will scale as:

Belle (1ab™1) 5ab~! 15ab~! 50ab~!

Acp (D° — p°y) = +0.056 + 0.152 + 0.006 —» 0.07,  0.04, 0.02
Acp (D° — ¢y) = —0.094 £ 0.066 + 0.001 —» 0.03, 0.02, 0.01
Acp (D° — K*°4) = —0.003 £ 0.020 £ 0.000 — 0.01,  0.005, 0.003

22



New flavour tagging method

Usual flavour tagging D° mothers in cC events
B T on

* Flavor tagging used is usually TT*sjow

« Lose 75% of DY in cc-bar events at B-factories

Rest of the event (ROE) / Prompt D° flavour tagging
[improve statistics]

--- -
- ~ -

¢ - s = Cabibbo . / Signal

favored transition Y A Typical Correctly Tagging Events
\ E / \something else cc— DD X, DO—*signaI ch

' . D= KVev; KO—= KT
something else ’7 Cq s . cc— DO A X, D= signal ch

------
""""

':.K*."(S,U' “' Flavour tagging <& - - - = * * ' ! A=A~ K K= Km0

Select events with only one K*- in the ROE and charge of K determines the
flavour of D at production 23



New flavour tagging method

* Selection of tagging charged kaon is most important: two-step
selection based on a BDT with a first loose cut to reject most of the

background and count the number of charged kaons, and a second
tighter cut to reject fake kaons

* Tagging kaons are mostly back-to-back

* Tagging efficiency (¢) = 15 %, mis-tagging level (w) < 5%, after vetoing
presence of neutral kaons K. and Ks in the ROE [from MC truth]

CMS frame

A novel tagging method which will: increase

K*from D

statistics with an additional D® sample and will - o
be very useful to evaluate systematics l ’ Ay
independently | P(K*)

e P~

CosTheta

a cut at cos0<0.7 rejects 66% of the
24 mis-tagging K and 10% of the signal



New flavour tagging method

Ratio o} / o} Ratio of / o} case I: only BDT
g 2% 20921 . . selection
& ¢ t Ratio_combine case II: BDT + veto

2-§Ratio_imetho

09 K, + cos(6)
: case lll: BDT + veto
MC K° + cos(0)

0.88|

1.9F

18 C 0.86

1.7F

16 0.84

15f iteri 0.82] : P
- — Criteria a & : Criteria a
; 0.8/~ ;
130 5 — Criteria ¢ : i __ Criteria ¢ To be published
_I 111 | 1111 | 1111 | 1111 i 1111 | 1111 | 1111 | 1111 | 1111 | 1111 _I 111 | 1111 | 1111 | 1111 i 1111 | 1111 | 1111 | 1111 | 1111 | 1111
27741 12 13 14 15 16 17 18 19 2 07874112 13 14 15 16 17 18 19 2

X 0
p / p preco / preco

* Left plot: Ratio between the statistical error on a Acp measurement using the two
different flavour tagging methods (D* and ROE, given by ¢* and o?) as a function of
the purity of D° samples.

* Right plot: Ratio between the combined statistical error (c©) and the statistical error
from the D* method.

 Reference point for the ratio of the purity of D° samples: 1.4 [PhysRevD.87.012004]

* |n the best case, assuming the value 1.4 for Belle |l, we can expect a reduction of

~15% of the statistical error on a Acp measurement.
25



Summary

* B-factories have successfully been charm factories
*For KsKs channel, Belle |l expects a precision of ~0.2%

*For K'K, 'IT T at Belle I, errors will be +/- 0.05, +/-0.07 respectively for 50 ab”
and for K K Ksn errors will be +/-0.1, +/-0.3 respectively

*Belle Il will implement novel tagging method (ROE) to increase statistics

*Belle Il sensitivity studies performed for D’ to Vy: statistical errors will be
+/- 0.01 for @y, +/-0.02 for py for 50 ab”

*Belle Il errors will be smaller than LHCDb for the neutral particle final state modes
and will be of the same order as LHCDb for the charged particle final state modes

Exciting road ahead for charm physics @ Belle I1 !
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threshold
production

Y —

no additional tracks from

charm quarks fragmentation.

€

\ Lab frame

D° = Klntm~

v extremely clean environment
v pure D-beam, almost no bkg
v'quantum coherence

@no CM boost, no T-dep analyses

¥ large production cross-section

V' large boost: excellent time res
@dedicated trigger required

@hard to do neutrals and neutrinos

B-Factories

') i
= %

high-luminosity
B-Factory

Giulia Casarosa

| 4
D™ (ed) + X’

Charm Physics

28

¥ clean event environment

v high trigger efficiency

v high-efficiency detection of
neutrals

v"many high-statistics control
samples

v time-dependent analysis

@smaller cross-section than hadron
colliders



Charm mixing

Evolution of neutral D° flavour eigenstates follows the
Schrodinger 's equation:

10t (gggg) = <M+ él’) (gggD D ;d,s,b d,s,b: D'

W

Mixing parameters: [M12|, [[12], |®12 = arg(l 12/M12)

Dispersive part of the Absorptive part of the
amplitude M12 amplitude I'12

g M

Neg 1g1ble

Short—d1stan e dommate

Long-dlstance dominated Long-distance dominated
Not calculated reliably Mot calculated reliably



Mixing results

oINS

Self-conjugated Kohh Self-conjugated

e o/ e w/

D’ — KVntn™ +0.56 + 0.197503+0-56)9%
(Belle) +0.30 £ 0.15+) 02 +0-9%%
DY = Kh*h~ +0.16 £ 0.23 + 0.12 + 0.08)%

= (
= (
= (
(BaBar) = (+0.57 £ 0.20 £ 0.13 £ 0.07)%
= (=
(
=
=

no CPV

D" - Kn*n= = (-0.86=%0.53 +0.17)%
(LHCb)% y = (+0.03 + 0.46 + 0.13)%

+1.54+ 1.2+ 0.6)%

+0.24+ 0.9+ 0.5)%

fp L ——
(BaBar)

[B2TiP Report, to be published]
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Charm mixing

Mass eigenstates D4 and D2 are linear combinations of flavour eigenstates
Do and Do bar:

|D o Do DO q o M12* = ;r12”t , _A '
12) =p|D") £q|D”) , ~ = ; , ¢ =Arg(q/p)
p M2 — 5012

* Mixing in neutral D mesons is an example of FCNC. Within SM,
FCNC are absent at the tree level but can occur through box
diagrams

* Strong suppression of FCNC is due to GIM mechanism

* Mixing rate in D mesons is small; discovered in 1976 at SLAC, in
2007 at KEK, SLAC with mixing parameters x ~ 0.01 and y ~ 0.01




Belle 11 performance

IMPROVEMENTS wrt Belle

IP and secondary vertex resolution

Ks and m° reconstruction
K/ separation
PID and p ID in the end caps

sig: 3 p’y
bkg: /L K’y Belle

*0
K Y (TOP+ARKCH)

400 -
~ MC Belle Il

200

32

1-2001
8583A28

impact parameters resolution!

+ 020 Tracks with PXD clusters
*  Odo Tracks with PXD clusters
o BaBaR 00

o ® BaBAR O

|
L

Bellell MC
© PRELIMINARY

-

Transverse Momentum (GeV/c)



Impact on the charm physics @ Belle II (II)

It's also possible to evaluate size of the stastical uncertainty of a CP
asimmetry measured with the new sample.

IF A, Is the “true” asimmetry we want to measure, the statistical error
o, will be:

o,~1/Q"? Q=¢, (1-2w)

IF 0°, is the error measured with the new tecnhique, ¢°, is the error
with D™ techinque and o<, is the combined error, we have:

C

U “‘U (2 l €co (}¢ n __ =0 U_.‘“ - (8
o () 0 * - v :
oy Ag (J Sq en 0._.\” \/l -+ (l'z

' LN

»° KN
Purity of Number of generated
reconstructed sample D°=0.24/0.76

[Slide from Giacomo De Pietro]



