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Outline
I will write something … 

BTW, this is a very preliminary version of the slides; no 
polishing of styles, etc.
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Belle II         2019-202*                                               50 ab-1

Charm	machines,	old	&	new
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SuperKEKB																									Belle	II

injector		
to	Linac

Z goal

L dt = 50 ab�1



Belle	II	improvements
vertex	resolution	

� 	and	� reconstruction	efficiency	

� 	separation	

hadron	&	muon	ID	in	the	endcaps			

flavor	tagging		

• (Belle)	D*	tagging	only		

• (Belle	II)	D*	&	ROE	tagging

K0
S π0

K/π
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Belle	II	� 	separation	(Phase	3)K/π
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� 	from	� -tagged	� 	decaysK, π D*+ D0 → Kπ
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� 	plots		
(Belle	II)
M(D0)



Flavor	tagging	for	charm	at	Belle	II
D* tagging (“golden method”) 

• � 	

• observables:	� ,	� 	

• � 	resolution	at	Belle	II	~	� ;	
factor	~2	better	than	Belle	

Rest-of-event (ROE) tagging

D*+ → D0π+
s

M(D0) ΔM ≡ M(D*) − M(D)

ΔM 180 keV/c2
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Flavor	tagging	—	ROE	
to increase tagged sample size by adding D0 mesons 
not reconstructed in D* decays 

reconstruct a   and look at the rest-of-event 
(ROE); select events with only one   in the ROE; 
tag the flavor of   with the charge of  

D0

K±

D0 K±
 9

� 	mother	in	� 	eventsD0 cc̄



lower tagging efficiency (~1/4) is compensated by ~x3 higher 
production of non-D* source 

nearly double the sample; but with higher mistagging and lower purity
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Flavor	tagging	—	ROE	
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ACP	improvement	with	ROE

just a
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Prospects	for	ACP		in	Belle	II
Extrapolating Belle results to   

Systematic uncertainties 

• reducible	sys.	err.	� 		—	scale	with	luminosity	

• irreducible	sys.	err.	� 	—	asym.	� 	interactions	in	matter	
(� ),	� 	CPV,	etc.	

In this talk, improvements in detector performance as well as 
ROE tagging are not included in the extrapolation. 

50 ab−1

σred

σirred K0/K0

≈ 0.02 % K0
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σBelle II = (σ2
stat + σ2

red)2 ℒBelle

50 ab−1
+ σ2

irred



Time-integrated CPV
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• ACP(D0 ! V �)

• ACP(D ! PP 0)
<latexit sha1_base64="SvjwszipfAfxWVbVTmXnCB2YCj8="></latexit>



Time-integrated	ACP	(in	Belle	II)
ACP	vs.	Araw
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ACP =
B(D0 ! f)� B(D0 ! f)

B(D0 ! f) + B(D0 ! f)
<latexit sha1_base64="F+vjPuxTNseIWvAkzKJ7VSGjMB8="></latexit>

 = AD + Aϵ + ACP

� 	=	production	asymmetry	

							=	� 		

										an	odd	function	in	� 	

can	be	easily	disentangled	by

AD

AFB(cos θ*)
cos θ*

ACP =
1

2
[Acor

raw(cos ✓
⇤) +Acor

raw(� cos ✓⇤)]
<latexit sha1_base64="K5INQTBKDEd2Wb0OWOyzkwsICiA="></latexit>

AFB =
1

2
[Acor

raw(cos ✓
⇤)�Acor

raw(� cos ✓⇤)]
<latexit sha1_base64="NyZa0iEOB7MwjLEsInz5iXAj45Q="></latexit>

tagged	(D*,	ROE)	or	self-tagged

� 	=	efficiency	asymmetry	

measured	with	enough	
precision	using	CF	decays	

Aϵ



� 	D0 → Vγ
� 	

NP	can	enhance	it	to	� 	

SM:	dominated	by	long-range	
effect	� 	test	of	QCD	

use	normalization	modes	to	
reduce	systematic	errors

ASM
CP (D0 → Vγ) ∼ O(10−3)

O(10−2)

→

�15

PRL 118, 051801 (2017)

ACP =
B(D0 ! f)� B(D0 ! f)

B(D0 ! f) + B(D0 ! f)
<latexit sha1_base64="F+vjPuxTNseIWvAkzKJ7VSGjMB8="></latexit>



� 	D0 → Vγ
� 	

NP	can	enhance	it	to	� 	

SM:	dominated	by	long-range	
effect	� 	test	of	QCD	

Measured	by	Belle	w/	~1	ab-1	

� 	dominated	by	stat.	error

ASM
CP (D0 → Vγ) ∼ O(10−3)

O(10−2)

→

→

�16

PRL 118, 051801 (2017)
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� 			systematics	(Belle,	2017)D0 → Vγ
PRL 118, 051801 (2017)

•� 	is	a	dominant	background	
✓ � 	mass	is	shifted	(� 	a	missing	� )		
✓ � 	veto	(slightly	better	for	Belle	II)		

• � 	resolution	is	crucial

D0 → Xπ0

D0 ∵ γ
π0

M(D0)
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� 			systematics	(Belle,	2017)D0 → Vγ

•� 	resolution	is	crucial	
•Belle	II	MC	study	

Belle	II	resolutions	for	both	� 	and	� 	are	comparable	to	Belle	
� 	we	can	extrapolate	based	on	luminosity

M(D0)

M(D0) cos θH
→
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• � 	precision	is	expected	for	� 	at	Belle	II	
• Statistical	error	will	still	dominate	

O( % ) ACP(D0 → Vγ)

� 			prospectsD0 → Vγ

δACP  on
Belle Belle II (stat. err.)

1 ab-1 5 ab-1 15 ab-1 50 ab-1

±0.152±0.006 ±0.07 ±0.04 ±0.02

±0.006±0.001 ±0.03 ±0.02 ±0.01

±0.020±0.000 ±0.01 ±0.005 ±0.003

D0 → ργ

D0 → ϕγ

D0 → K*0γ



�ACP(D → PP′�)
� 	

✓ not	an	automatic	NP	probe,	� 	uncertainties	in	hadronic	matrix	elements	

✓ symmetry	(e.g.	SU(3)F)	can	predict	patterns	among	different	modes	

existing	most	precise	measurements

ASM
CP (D → PP′�) ∼ O(10−3)

∵

 D+

LHCb, 2017

LHCb, 2017

LHCb, 2014

Belle, 2017

Belle, 2014

Belle, 2012

!20

➔ Sum Rule test!
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�ACP(D → PP′�)
� 	

✓ not	an	automatic	NP	probe,	� 	uncertainties	in	hadronic	matrix	elements	

✓ symmetry	(e.g.	SU(3)F)	can	predict	patterns	among	different	modes	

key	expectations	

✓ � 	in	the	isospin	limit	

✓ � 	—	enhanced	to	O(%)	level	due	to	large	exchange	
diagram	contribution	(hence	a	nice	place	for	early	discovery)	

✓ Belle	II	can	do	well	with	neutral	particles	(� )	in	the	final	state	

ASM
CP (D → PP′�) ∼ O(10−3)

∵

ACP(D+ → π+π0) = 0

ACP(D0 → K0
SK0

S)

π0, η, η′�, ρ+

  (95% CL)         Nierste & Schacht (PRD, 2015)|ACP | ≤ 1.1 %

➔ Sum Rule test!
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�ACP(D0 → K0
SK0

S)
� 	
✓ promising	for	discovery	

Belle	with	921	a-1	
✓ �  

✓ normalize	to	� 	

✓ CPV	in	� 	is	subtracted	

✓ �

ASM
CP (D0 → K0

SK0
S) ∼ O(1%)

ACP = (−0.02 ± 1.53 ± 0.17) %
K0

Sπ0

K0

σirred ≈ 0.02 %
  tagD*+   tagD*−

Belle	II	expectation	

✓ at	50	ab-1σACP
= 0.23 %

PRL 119, 171801 (2017)



!23

�ACP(D+ → π+π0)

Belle	II	MC	study	(50	ab-1)	
✓ using	� 	tag	for	background	suppression	
✓ efficiency,	background	rejection,	similar	to	Belle,	
using	earlier	recon	S/W	

✓ can	expect	further	improvement	with	updated	S/W	

✓ 	�

D*+

σACP
≈ 0.17 %

� 	
✓ a	smoking	gun	for	NP	

Belle	with	921	a-1	
✓ �  

✓ normalize	to	�

ASM
CP (D+ → π+π0) = 0

ACP = (2.31 ± 1.24 ± 0.23) %
D+ → K0

Sπ+

signal, multiplied by 10

Q ≡ M(D+π0) − M(D+) − M(π0)
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� 			Belle	II	prospectsACP(D → PP′�)

 ASM
CP ∼ 1 %

 ASM
CP = 0

!  (Belle)ACP( % )



Time-dependent CPV
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CPV in mixing 

CPV in mixing-decay interference



|M1,2⟩ = p |M0⟩ ± q |M0⟩

CPV	and	Mixing	—	a	quick	intro.
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13. CP violation in the quark sector 7

If either CP or T is a symmetry of H (independently of whether CPT is conserved or
violated), then Γ12/M12 is real, leading to

(

q

p

)2

= e2iξM ⇒
∣

∣

∣

∣

q

p

∣

∣

∣

∣

= 1 , (13.32)

where ξM is the arbitrary unphysical phase introduced in Eq. (13.21). If, and only if, CP
is a symmetry of H (independently of CPT and T ), then both of the above conditions
hold, with the result that the mass eigenstates are orthogonal

⟨MH |ML⟩ = |p|2 − |q|2 = 0 . (13.33)

13.1.3. CP -violating observables :

All CP -violating observables in M and M decays to final states f and f can be
expressed in terms of phase-convention-independent combinations of Af , Af , Af , and

Af , together with, for neutral meson decays only, q/p. CP violation in charged meson

and all baryon decays depends only on the combination |Af/Af |, while CP violation in

flavored neutral meson decays is complicated by M0 ↔ M0 oscillations, and depends,
additionally, on |q/p| and on λf ≡ (q/p)(Af/Af ).

The decay rates of the two neutral kaon mass eigenstates, KS and KL, are
different enough (ΓS/ΓL ∼ 500) that one can, in most cases, actually study their
decays independently. For D0, B0, and B0

s mesons, however, values of ∆Γ/Γ (where
Γ ≡ (ΓH + ΓL)/2) are relatively small, and so both mass eigenstates must be considered
in their evolution. We denote the state of an initially pure |M0⟩ or |M0⟩ after an elapsed
proper time t as |M0

phys(t)⟩ or |M0
phys(t)⟩, respectively. Using the effective Hamiltonian

approximation, but not assuming CPT to be a good symmetry, we obtain

|M0
phys(t)⟩ = (g+(t) + z g−(t)) |M0⟩ −

√

1 − z
2 q

p
g−(t)|M0⟩ ,

|M0
phys(t)⟩ = (g+(t) − z g−(t)) |M0⟩ −

√

1 − z
2 p

q
g−(t)|M0⟩ ,

(13.34)

where

g±(t) ≡ 1

2

⎛

⎝e
−imH t−

1

2
ΓH t

± e
−imLt−

1

2
ΓLt

⎞

⎠ (13.35)

and z = 0 if either CPT or CP is conserved.

Defining x ≡ ∆m/Γ and y ≡ ∆Γ/(2Γ), and assuming z = 0, one obtains the following
time-dependent decay rates:

dΓ
[

M0
phys(t) → f

]

/dt

e−ΓtNf
=

June 5, 2018 19:49
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  if CP or CPT is conservedz = 0

x =
Δm
Γ

y =
ΔΓ
2Γ

mixing parameters



Direct	and	Indirect	CPV
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A
A

≠ 1
q
p

≠ 1
Im(λf) ≠ 0

λf = − ηCP
q
p

Af

Af
eiϕ ≠ 0

Direct CPV 
(decay) Indirect CPV 

(mixing)
Interference of  

mixing and decay



Time	&	Vertex	resolution	in	Belle	II
factor	~2	better	than	Belle	and	BaBar	

•   

•  

δrxy ∼ 40 μm

δt ∼ 0.15 ps
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D0 → K+K− (Belle II MC)



� 	lifetime	in	Belle	II	(Phase	3)D0
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� -tagged	� 	decays	(using	1/15	sample	of	Phase	3)D*+ D0 → Kπ

τD0 = 370 ± 40 fs τPDG
D0 = 410 fs
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Mixing	&	CPV	in	� 	(WS)D0 → K+π−

x′� = x cos δ + y sin δ y′� = y cos δ − x sin δ

Belle II MC (20 ab-1)

fit w/o CPV

for  RD, x′�
2, y′�

unsmeared
smeared

 σt = 135 fs
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Mixing	&	CPV	in	� 	(WS)D0 → K+π−

no CPV

CPV allowed

Belle II MC fit
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Mixing	&	CPV	in	� 	(Dalitz)D0 → K0
Sπ+π−

Systematic	error	will	be	dominated	by	� 	
decay	modeling		
✓ should improve with strong phase difference to be 
measured at BESIII

D0



Summary
•I	will	write	something	here	…
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Thank you!
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