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What is CP Violation ?

Discrete symmetries (C,P,T) give insight into nature of C': a <> a (ais the antiparticle of a)
Interactions P : x — —x (parity inversion of spatial coordinates)
— CPT theorem: T: t— —t (motion or “time” reversal).
“any Lorentz-invariant local quantum field theory with
a Hermitian Hamiltonian must have CPT symmetry” PRL 13, 168 (1964)
EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T
— Strong and EM interactions are invariant under C, P, and T J. . Christenson, J. W. Cronin 1 V. L. Fitch! and K. Turlay®

Princeton University, Princeton, New Jersey
(Received 10 July 1964)

Phys. Rev. 105, 1413 (1957) a64<m¥ < 494 L
Parity violation was discovered by Wu in B decay in 1957 e reta Desage T iom
. C. S. Wu, Columbia University, New York, New Vork ‘_I"{L“-"[ n IJTLJ-‘.r-LLLn I‘H_LL
— Predicted by Yang and Lee to solve the T — 0 puzzle ' °
E. AMBLER, R, W. Haywarp, D. D. Horpes, axp R, P, Hupsox,
. . . . National Bureau of Standards, Waskington, D. C. 30
— Structure of weak interaction (V-A) implies PV (Recsved Jamary 1, 1957) Mass signal region i
BT 71 | =
— Combined symmetry of C and P (CP) still seemed to hold e o [ %
o 2 LIPS b=polar counter ~ w
Z:‘:; Lo = ”a‘“’xsi:“-,‘—."‘“ 7 494<m*< 504 Lo ©
%ii 09| T o B §
CPV di ] Fos / : | 2
was discovered in K; (CP-odd) decays to 2n (CP-even) A N 0
by Cronin and Fitch in 1964 oaf X, il " s04<mi<514 o
& 0.2[ for both pollzln'rizing fields 1 <m< 1
— Small effect: BR(K;, — 2rn) = 0.3 % (c.f. BF(nlv + 3m)= 99.7%) X A
) + (o]
. 0|~ | pasymmetry(at pulse cight 10V) 0.9996 0.9997 0.9998 0.9999 1.0000
— Not understood at the time TS TR .
; "31-“0‘ e ] FIG. 3. Angular distribution in three mass ranges
‘é £ 0.90F 7 Ht b for events with cosé >0.9995.
- i“g, 0.80[-> 7
M T '1‘2 1116 18
Time (min
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The Matter - Universe

o 3.8 x 107 years ago big bang produced

, , “10°3Ibs Gorilla
matter and antimatter in equal amounts

in the room”
— matter-antimatter symmetric EM and strong
interactions
il
AMS, PLB 461, 387 (1999)
| Az
10 3 3 —
v : He He
104 i 0 events } 2.86x10° events
2
q:) 103;_ ﬁ<1.1‘10*6@95%<1
* ... but today we observe absence of >
— anti-nuclei amongst cosmic rays in our galaxy 102 3
— intense y—ray emission due to annihilation of 0 L %
distant galaxies in collision with antimatter : % ’;.
: 1L PGOOO MY,
Today, matter dominates ! 150 00 500 50 100 150

SignxRigidity
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Where did all the anti-matter go?

e Baryon to photon ratio determined from microwave anisotropy

N, ry 0.4 -10| Almost all matter annihilated
— aryons — . —+0. 1
T (6:5°93)x10 with anti-matter..., but not all !

photons

WMAP
o Sakharov showed that generation of a net baryon number requires:
1. Baryon number violating processes (e.g. proton decay) Sakharov,

Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967)
2. Non-equilibrium state during the expansion of the universe

3. Difference in interaction rates for particles and antiparticles (C and CP violation)

Note, SM CPV is unlikely to be sufficient to explain universe matter content.
However, CPV from New Physics that played a role in the early universe might.
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CPV in the Standard Model

* Kobayashi and Maskawa proposed a three-
generation complex quark mixing matrix
between strong and weak quark eigenstates

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory VCK [\4 -

of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

*  CKM matrix elements modify weak Cabbibo-Kobayashi-Maskawa

d
Vi

Vea

charged current decay amplitude (CKM) matrix

* Only 3 quark flavors (u, d, s) were
discovered and quark model was not

b
% Vi

us

V.V,

(67

Vi Vs Vi

quark decay

W -
kap
anti-quark
decay W +

g = weak Fermi
coupling constant

widely accepted, yet Decay amplitude oc (complex) V.,
* Today, all observed CPV can be Decay rate o« |qu|2
described by the CKM matrix Complex matrix elements can lead to different
* No CPV in strong interactions BFs for particles and antiparticles
* No CPV in the lepton sector - CP violation

(maybe soon)
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A useful parameterization (“Wolfenstein”)

Unitary 3x3 matrix has only four independent parameters (4, 4, p,n)

( Y 3¢ A_ in)) Wolfenstein,
=472 A AA(p-1n) PRL 51, 1045 (1983
V., = ) 1-2%/2 AN +0(21%)
(A (-p-in) —AX r
[ —iy \
Vi | Vsl e [Vl Single complex phase n
= =V, |V.] v, | generates all SM CPV
e’ Vall =1Vl IVl
relative ¥ B 2 complex matrix elements:
magnitudes . H - Viyand V,,
- . . - Careful ! This is an arbitrary phase convention.
- But it allows to easily see where CPV occurs.
: |

- /
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The B Unitarity Triangle
iy =1 — VudVL; T VchcZ T thVzZ =0

___ A | Vcd Vc*b
_ thVL:;?
/ \ = L Vua VJb__
Via Vs Vi Vo
i Vcd Vc*b i

VoV, V., Veall
\th V, th )

ts

(0,0)

SM CP violation is very predictive:
complex CKM phase n is related to apex of UT

Can be determined from sides or angles ! Allows for consistency checks!
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2023 Belle IT Summer Workshop

3 Types of CP Violation

1) CPV in decay
2) CPV in mixing
3) Mixing-induced CPV, or CPV in

the interference between decay
with and without mixing

1) is also referred to as “direct CPV”
and 2) & 3) as “indirect CPV”
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CPV in decay

» Difference between magnitude of a decay amplitude and its CP-conjugate amplitude

A =(f|0|B) A = (f|0T|B)

_ F(B-f)-r(B-f)
~ I'(B~f)+r(B-f)

Direct CPV: |A| # |A]; Al * 0

* Only type of CPV possible for charged particle decays
* Relatively easy to measure: only BFs necessary
Example: B(B® > K*n™) = B(B® > K n™)

— Direct CPV can also show up in differential BF's (e.g. across Dalitz plot) or in individual orbital angular
momentum waves for VV final states
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CPV in decay.: weak and strong phases
» FEasiest way to get CPV is with 2 interfering amplitudes (e.g. tree and
penguin) with different weak (CP-odd) and strong (CP-even) phases

AB-> f)=A=A,+ A,

CP transformatlon: A, = |A,] CP I, = |A4]
strong phase: 6 —» 6 5 id _ 5 —id
weak phase: ¢ - —¢ Az = |Az]e*e A; = |4z]e*e

|A| + |/T| r = Ay /A

27 sin 0 sin ¢
1+7r%2+2rcosécosao

Acp =

o Acp is large if the contributing amplitudes are of similar size (r = 1, |A1| = |A3])
« Need external input on |Aq|, |43\, 8 @wsually not interesting) to measure @ (interesting)

* Observed in many b decays and recently in charm decays (LHCb, PRL 122, 211803 (2019))
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Neutral meson mixing (“2B or not 2B ")

Weak transitions can transform P into P and vice versa

E o ° a nr, DD, ...
— Physical neutral meson state y is a linear combination P _
| o y o o iti po RO BO
Time-evolution given by non-hermitian Hamiltonian P
— Diagonal terms give P mass M and width I (1/t) d—s*——0>b
_ O]jﬂdiagonal terms describe mixing (incl. CPV) short-distance, virtual |Ong-di3tance, on-shell
— FEigenstates of Hamiltonian have defined My ; and 15| _
’ ’ — 0 0
(if no CPV in mixing they are CP eigenstates) l/}(t) — Cl(t) |P ) + b(t) |P )
 virtual amplitude: |AM| = [2M;,| N, ; . )
o on-shell amplitude: |AI'| = |2I35| H = (ZH Zm) — ( \["\%[ o ’ZE* "\'[\lj o g?u)
Time-dependent P — P mixing: 21 22 "C12 - 9t12 R 2
_ 2T Al't
P(P > P)xe It il cosh——cosAMt R
p 2 q Mi; — 511
_ 2 Al't ' i
P(P - P) x eIt g coshT — oS AMt P My, — 5l

CPV in mixing
P(P > P)+P(P->P)

z |My,| [Tz | sin(6y,, — 6r,,) # 0

2 1S
H
—

— Results from interference between on-shell and virtual amplitudes
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Neutral meson mixing comparison

Mixing asymmetry

(no CPV): P(P° - P9 — p(PY - pY) _ cos(x t/T) x=AMT

Amiz () = P(PY - P%) + P(P% -» P9)  cosh(y t/T)

By " =]
xq = 0.775+ 0.006 | - o |

Yq = 0.007 + 0.009 :.. |

ilit

KO
— Py,
Xg = 0.95 Pro
yg = —1 :
B‘ ~ 0.9967 z
q K B .
Strong damping, ) g —
only K; are left s
after 1 oscillation T e -
D | ™
| I’/v" s D’

Xp = 5)(10_3
yp =~ (7.2 +£0.1)x1073

bility

‘B‘ ~1
qli |

|E| = 1.0010 + 0.0008 = _,
q d -
- Significant mixing || e |
, .l.,. \ N r 0 1 2 ’ i 4 5 6 1 " 1
Bg ) . Ppo '“  ‘
Xs =268+023 Il - Pam]
| ys = 0.058 +0.010 =
Pl = 1.0003 + 0.0014 = liﬁ‘f:,,
s i
- Fast oscillations, :UWJ.“LIEWL'uir,f&iﬁ;’lﬁ.‘f_fi{za_-umgw,,.:--_ st JRIAEAIRITEE
" 1

Very small mixing W0zozzpzzo

t-I',

LT " complete mixing

2023 Belle IT Summer Workshop
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Neutral B; , mixing and CPV

Belle, PRD 71, 072003 (2005)

05

(OF-SF)/(OF +SF)

B E—e—. .

LHCb, arXiv:2104.04421

05 L— S
|At](ps)

B, mixing

2023 Belle IT Summer Workshop

B, mixing
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4
L2
p
ASL - q 4
1+ |4
p
C@).Ol— syt=1
a T~ LHCb
< . >B(°3) — D uX
0 : Theory X 10
=l World average
-0.01-
-0.02-
HFLAV B factory
"| PG 2020 | average
| | | I |
-0.02 -0.01 0 0.01 (3.02
Ag (BY)

No CPV in B, mixing !
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Mixing-induced CP Violation

decay+mixing — decay+mixing

0
B° No oscillation " f CP B No oscillation f CP
iy 0
Net oscillation BO Net oscillation B
CPV:T (B° - fep) #T (B° > fep)
_ 2Im Agp _1—|2Acpl?
r (B°/B° xe T 1+ in (AM t) F cos (AM t
(B”/B” = fcp) x e _1+|/1cp|zsm( ) 1+ [Acp|? ( )
N——————
Sy Cr

Time-dependent CP asymmetry

[ (B> fop) =T (B° = frp) single weak |Ap| =1

A = - amplitude:
T (B> fep)+T (B> fep) ’ G =0 Sy =-ImAcp
= — Crcos (AM t)+ S¢sin (AM t)

Cr # 0 implies direct CPV
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Measurement of time-dependent CP Violation at Belle 11

[~ 7
7/
e B-flavor
— - - l '
z Y ( 4S) B gag - i —
HER ———<==—_LER ||
Coherent I?OEO c c Brc')ec \/\M — = J/\|!
production ~ n
(p-wave) R H

2023 Belle IT Summer Workshop

At = trec B ttag
zAZ/<,B)/>C
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Reconstruction of B
decays to exclusive
final state

15



B decays sensitive to UT angles

Modes sensitive to ¢4

Modes sensitive to ¢,

B - ntn~,ntn°, 700

B - p*p~,pTp°, p°p°

B~ - DY (KQh+h™)K ™~

2023 Belle IT Summer Workshop

Modes sensitive to ¢,

CP Violation (S. Prell)

B-J/YKS,

B - n'KQ, K, nKS ,pKS, wKS, fOKJ
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S

¢4, the B Factories’ “CP or not CP”

P1

2023 Belle IT Summer Workshop

l
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v

Asymmetry

o
n

05 |

Hitlin, ICHEP 2000

[e—
T

sin23 = 0.12 + 0.37(stat) £ 0.09(syst) ]
BABAR |
Preliminary |
| 1 1 1 1 I 1 1 1 1 |
-5 0 5
At (ps)
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sin 2¢{ from B° - J /Y K decays

‘ J/W K3,

2023 Belle IT Summer Workshop
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- B°mixing _ — B decay _ K% mixing _
W ! i W Wre—"
d—e——b || d ; d—es—+—s
94/ P AV, Ve dx | Px
1 . = 4B A]/¢ K _ T VibVea VebVes Ves Vea T bV ea Veb Vea
JWKsL pg Arpy Kgp Vb Vea VerVes VesVea VipVia Veb Veg
=1=C ke, =0 [(BY = fep) o« e™H7[1 + n¢p sin 2¢p; sin AM At]
S, =M 0 =%sin2¢; | |T(BY - frp) o e H/7[1 — ncp sin 2¢4 sin AM At]
Acp(t) = — nepsin 2¢p; sin AM At | | cp = —1(+1)
for / /1 K31,
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The “gold-plated modes ™

B - J/Y(= IYI7)KS dominates
sin 2¢,measurement

— Relatively large BF

— Low background

Small theoretical uncertainties

LHCb error on sin 2¢ is now 0.014

— Dominated by statistical error

Eventually, Belle II will be systematics
limited

No Vertex Leptonic
improvement improvement categories
Sy (50 ab™t)
stat. 0.0035 0.0035 0.0060
syst. reducible 0.0012 0.0012 0.0012
syst. irreducible 0.0082 0.0044 0.0040
Ay (50 ab~1)
stat. 0.0025 0.0025 0.0043
syst. reducible 0.0007 0.0007 0.0007
syst. irreducible oo fggﬁ 0.011

2023 Belle IT Summer Workshop

No 3k } ¢\J 5k L
S t All combined (a) % [ + Data (b)
2 — B> JiyK, Sk B’ JdiyK,
= S Bz—ny(zS)Ks 3 f [ real J/y, real K.
;2k- — B oyKs ~ [ = real J/y, fake K
£ — Fit result %’ 3k Bl fake J/y
o o [
o > .k
o> 2Kt
1k BELE [
1kf

2 400}

Asymmetry
o
(S

o

S S
B v

-0.6}

52 522 524 526 528 53 O

M, (GeV/c?)

PRL 108, 171802 (2012)

1.6 2
pg" (GeV/c)

1.2

Events /0.5 ps
N N
o
o

(3]
o

© o
> o o

Asymmetry
o O o

+ -0.4

-6

4 -2 0 2 4 6

At (ps)
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B - J/WKS and other b — cSs transitions

sin(2p) = sm(2¢1> =Y

PRELIMINARY
BaBar : ' 0.69 + 0.03 + 0.01
PRD 79 (2009) 1072009 ; !
BaBar : \ . 0.69+0.52+0.04+0.07
PRD 80 ‘2009% 112001 i1
BaBar J/y (hadronic) K5 | : 1,56+0.42+0.21
PRD 69 (2004):052001 : :
Belle : : g 0.67 +0.02+ 0.01
PRL 108 (2012) 171802  : :
ALEPH : H i 0.84 *952+0.16
PLB 492, 259 (2000) T el
OPAL : : P 3.20 '330 +0.50,
EPJ C5, 379 (1998) : 5 X
CDF : - : 0.79*341
PRD 61, 072005 (2000) | ‘" * o
LHCb : : L 0.76 £ 0.03
JHEP 11 (2017) 170 : :
Belle5S : : : 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 T *I
Average : : 0.70+0.02
HFLA :
£ 1 0 2 3

June 2023

075k
B <

LHCD
[P
LHCD preliminary

y LOKE -

1.00
0

0

L s
1 2 14

t [ps

sin2f = 0.716 £ 0.013 £ 0.(1)88



O, , a story with some twists and turns

S

P2

v

l
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Original idea: time-dependent analysis of B > m ™

* Only tree amplitudes were expected v - T
to contribute to B » ¥t~ _ A
W d 44 u
— penguin amplitude was expected to be
negligible ! b+ & —=—u d
I/ub oce 7
d g d d g d
* Weakp _fl ai € 2¢3_b ez‘wefn 3 external tree (T) internal or color-
B->mn"n"andB > n'm suppressed tree (C)
combines with mixing phase 2¢4 <:£|
Weak phase:
_ N
. : q A b d
* Time-dependent CP asymmetries )} = (_) — \ .
would be p é L _ A
S——r/ q
- S = sin 2¢2 and C =0 mixing decay d . d
= e_i2¢1 e_i2¢3 )
_ iz, Penguin (P)

2023 Belle IT Summer Workshop CP Violation (S. Prell) 21



The rise of the penguins
» Just before the start of data taking A &
of the B factories there was \ )

troublesome news

- B> K*'n~ and Bt - n'K* were wt
discovered with unexpectedly b S0
s
large BF's B* uct 9 S + .+
*
— On the other hand B » ttm~ u . uK K
hadn’t been seen, yet . PRL 80, 3710 (1998)
— Shortly after B > wtm™ was o VR s TN
discovered, BF(B — 1t°1t°) was > ol 2 °[l%e. “
found larger than expected = fg 6 40—’\'
g L 30 _
HE
. [0} o 2 10 .
* Penguins could not be neglected! i@ ] o | @
0 |
520 524  5.28 0 2 4 6 8 1012
B mass (GeV / c?) B (8" —n'K")(107%)

* But if penguins are large, ¢, can’t
be extracted from C _+_ - and
S +o- (alone) &
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¢, from B — nrx

A = ap-T" + ac-C + ap-P

—iy
Vub C e e ” “ , 4
[
07. g q

cd o ou,d . d u,d w, d

bl

. . . Gronau and London, PRL 65, 3381 (1990)
¢, can be extracted with an isospin

decomposition of B » n ™

isospin factors
o e Gip

B—rntr | V2 0 2
B—7atr0 | 1 1 0
B — 79xY 0 1 -1
A(B- — 7w A(BT — wta")
. _ Optimal case: T'(m°7°) « I'(w*n®), I(w*m~
s =1 - C2xsin(2¢, — 20¢37) e <« M) T
—————— N\
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PRD 87, 031103 (2013)

BY — atn~ CPV and BF

2000 |—
2000
HEP 03, 075 (2021)
©o4500F T T T4 2 ) ey
= E LHCb = L LHCb > r LHCb E 1000
= 2 4 = 1200F 1 2 03F 3
8 4000 Daa 1974 = C | Data 1.9 ! £ E 1.9 fb! 3 1000
3500F i = - 1 5 oofF E _ —
ér 3000 |:|B"—m+r 13 1000: B 1z 02: 7+ sample + : = §
S 3000F ERe s ] 0.1F =
% 2500 Wy > % kaca E kg . [ ] Z 0 S
£ 2000 Bk 7", 3 600F ] g ] g S
E 15()()5 Aj—pr ] [ i —0.1F 3 = ‘2 1000
g N 400F ‘gggg\!i . ; g Q 3
< 3-Body bkg. 3 i — e 4 >
S 1000 R = ] 0-2¢ E = 500 =
500 Comb. bkg. _E 200 7 —0.3;— —;
0 L PR Pl st | | | : N _0‘4: s s s L 1 L L L L1
5 5.2 5.4 5.6 5.8 2 4 6 8 10 0 5 . 10
m(r*m) [GeV/c? Decay time [ps] Decay time [ps] . .
+ - @ P " TSy vs C
J Tt 7‘[ C @ c CP CP Moriond 2021 1000
Tn SCP Moriona 202 CP P ocp ) - 400
SR —r—y bpapar
BaBar N -0.68 £ 0.10 % 0.03 BaBar L, -0.25+0.08+0.02 7/ Belle
PRD 87 (2013) 052009 = ' PRD 87 (2013) 052009 = ' LHCb Run 1 500
Belle , -0.64 + 0.08 £ 0.03 Belle , 0.33+0.0620.03 | gl (T H ChiRunEz . 200 o
PRD 88 (2013) 092003 ' PRD 88 (2013) 092003 4 AV“ag? % §
LHCb Run 1 N ,-0.63 + 0.05 + 0.01 LHCb Run 1 | -0.34 +0.06 + 0.01 p= 9
PR D98 (2018) 032004 = ) PR D98 (2018) 032004 ool 9 0 > 0
LHCbRun2 . | -0.71 +0.04 + 0.01 LHCb Run 2 . . -0.31+0.04+0.01 = <
JHEP 2103 (2021) 075 ™ JHEP 2103 (2021) 075 ~ b = ﬁ
Average -0.67 £ 0.03 Average 031+003 | -06f :’3 2
HFLAV correlated average| HFLAV correlated average] -
-0.8 -0.7 -0.6 -0.5 0.5 04 03 0.2 01 200 500
-0.8 :
- + — " L 'l '] .'. -ll .l' 4\‘ 1
CPV In B 7T 7T IS Slgnlﬂcant ! 0BComomgiveZ.\eunL):Af:|(Zojespondmgm::sicm:zw ’ SCP
0 0
+—\ — —6 —
BF(B » n*tm™) = (5.10 + 0.19)x10 ;
— 9 200 =
BF(B-»n*n®% = (554+04) x107° > 5 400
— al "
BF(B —» n°n°) = (1.59 + 0.26)x107° % 100 3
= £ 200 |- ~.
Acp(B » %) = +0.03 + 0.04 2 5 L \
R B
C(B » n°n%) = —0.33 £ 0.22 0 oLo L. 1.
5.2 5.225 525 5.275 5.3

2023 Belle IT Summer Workshop
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AE(GeV)

M, (GeV/c?)
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Constraints on ¢, from B — 77T (now and with Belle I

_I1__

o
Imllllll

Sn%o
— 0.883
-- 0.40
- -0.61
- -0.94

Value 0.8 ab! 50 ab~!

B+ [10] 5.04 =£0.214+0.18 [727] 40.03 £0.08
B o o [107] 1.31 £0.19+£0.19 [712] 40.03 £0.03
B +0 [10¢] 5.86 +0.26 +0.38 [727] +0.03 +0.09
Aptq- 0.33 +0.06 +0.03 [728] +0.01 +0.03
Srt+m— —0.64 +£0.08+0.03 [728] +0.01 +0.01

A o0 0.14 +0.36 +0.10 [712] +0.03 +0.01

2023 Belle IT Summer Workshop

I~

90 120 150 180

(e}

CP Violation (S. Prell)

Discrete ambiguities complicate
constraints on ¢,

— Belle II can substantially reduce
uncertainties

S(B - n°n°) could resolve discrete
ambiguities

— Very hard measurement

— Expected Belle II error ~0.3

B — mrwas assumed to be B
factories’ best shot at ¢,

— Other b = uud modes, like B — np
and B — pp would have additional
problems (low ¥ efficiency, time-dep.
Dalitz analysis, V'V polarization
amplitudes)



3 pleasant surprises in B — pp

PRD 93, 032010 (2016)

l! Br(B® - p*p7) = (27.7 £ 1.9)x107% L | Large branching fraction ! :
v @& | Br(B* - p*p®) = (24.0 £ 1.9)x107° (large sample despite °in final state)
(ishy R | Br(B® — p°°) = (0.96 £ 0.15)x107°
VB - - 0990'3 \
¥ 22| £° = 0.950 + 0.016 — — S
%i foo = 0.71+9:08 ma. pengum§ : :
(effective ¢, constraint) @
v ®3| 419 = —0.05 + 0.05
v 82| s+~ = —0.14 + 0.13 , , >
¥ C*= = +0.00 + 0.09 Dominantly longitud. g
polarized ! 3 ‘-5 —5 =
(no need for full angular analysis) 2 )
At [ps]

Time-dependent CP
asymmetry in B — p*p~
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¢, World Average

— - . i .
O 12 L [F7ep B>nm . ¢,(PDG) = (85.214%
I - [ R0 0 — PDG 2021 | :
— ~ | | B —=(pn) Combination i ¢, world average is
| : | : T : dominated by B — pp
08 i | From CKM fit
. i N (UTg;, 2018):
O 6 v ¢2 — (901 i 2.2)0
04ty | | 2
: . i =
0.2 & : [y ) A/ e
2 A [ J Modes with 1° (p* > n*r°) are
0 e — = —_— ‘ much easier at Belle II than at LHCb
0 50 100 150 Expected ¢, error: Ag, ~ 0.6
o
a ]
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=S|

P3

The UT angle ¢4

2023 Belle IT Summer Workshop

|
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“hard to reach”
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Determination of ¢5 with B~ — D(VK()~

Measure ¢5 with charged B decays

- i and oK it e DK
(interference between DK and DK intermediate / \ fin al

states where D and D decay to same final state) B_

strong phase
State
One amplitude involves V,, /

W
b

SO

Many D° final states investigated:

. . Gronau & London, PLB 253, 483 (1991
CP eigenstates (rr, KK; Ks(11°,w,n,¢)) Gronau & Wyler, PLB 265, 172 (2991))
Fla VOr elgenstates (Kn') Atwood, Dunietz, & Soni, PRL 78, 3257 (1997),
Atwood, Dunietz, & Soni, PRD 63, 036005 (2001)
Three-body decays (Ksmrir, KsKK, ) Giri, Grossman, Soffer, & Zupan, PRD 68, 054018 (2003)

Belle, Poluektov et al., PRD 70, 072003 (2004)
2023 Belle IT Summer Workshop CP Violation (S. Prell) Bondar & Poluektov, EPJC 47,347 (2006) 29



BPGGSZ analysis of B — D™ K with D - Kdmtm™

* D Dalitz plot has complicated structure of several interfering amplitudes
— Interference between D decays to Cabibbo-allowed, Cabibbo-suppressed and CP final states

dFB—(mi,mQ_) x AL +r3|A_)? +

A, = Ap(m?, m
2rg|A4||A—]| (cosdp cos(dp + ¢3) —sindp sin(dp + ¢3)) dp - D( ar +)

e Model-independent method
— Binned fit to Dalitz plot — get 8 for each bin from coherent DD production at CLEO-c or BESII

JHEP 2021, 169 (2021)

3.0 - 3.0 1 —
: Binning for strong phase 8
5 - . measurements from
= 251 = 2:5 7 BESIIl and CLEO
= 2 =
i 2.0 1 O N< 2.0
— — >
r bt
o 1.5 - g = 1.5 4
=17)! oW o |
< 10 - < :
T | gt & B- H0 2
0.5 1 decays 0.5 1 decays
T T T T T T T T T T T T 0.5 1 1
05 10 15 20 25 30 05 L0 15 20 25 30 s 10 15 20 25 30
'm,z(KgW+) [GeVZ/(;J‘] m“(KgW_) [GeV'/cﬂ m2 [GeV2/cY)
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¢35 World Average

| PDG 2021 |

I

B SJ6LW
i ?DS |
- 7] BPGGSZ - -
0.6 el ¢ (HFLAV) = (66.213%
04 1 —]
[ ....................................... 6 83%: From CKM fit
| . (UTg, 2018):

02 ¢3 = (65.8 +2.2)
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Angles of the UT show consistent picture

= T YT et
Iy s

0.6

I |

I Y
= /]
v
‘A
| | | | | I
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... also with the UT sides !

PDG 2022
15 B L | T T 1 | L | T T 1 | L | T T 1 i
B excluded area has CL > 0.95 ! |
10 Amg& Amg
05 [ b
= ool — UT parameters consistent
- ] at the few percent level !
0.5 - -
-1.0 :— €k —:
i v i
_1 _5 B L 1 1 | | [ I i 1 1 1 1 I 1 1 1 1 | | 1.1 1 | L1 1 1 ]
-1.0 -0.5 0.0 0.5 1.0 1.5 20 )\ = 0.22500 + 0.00067, A=0.826T001%,
P p = 0.159 £ 0.010, n = 0.348 £ 0.010

2023 Belle IT Summer Workshop

CP Violation (S. Prell)

33



2023 Belle II Summer Workshop

Beyond SM CPV searches
(“Hic sunt dracones”)

=
)’“\‘Q\; -
OO

Y ®
000
-

CP Violation (S. Prell)
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Penguin-dominated b — sqq decays

* Penguin loops can receive contributions from New Physics

Standard Model

Weak phase of b = sqq penguin is same as for b — ccs in SM

New Physics (example)

_ g _
b —— — R)
B, WO, o,n'

BO %W<S;

d

L )
S

— Top quark contribution dominates loop amplitude
— CP asymmetries are also C = 0 and S = —1n.p sin 2¢,

— Contributions of sub-leading diagrams could change S and C

2023 Belle IT Summer Workshop

CP Violation (S. Prell)

K K¢ Sep vs Cpp EEEE

—
Baﬁar
7 Belle
G2 Average

L I 1 i L 1 L
-1.2 -08 -04 0 04 08 1.2
CP

ontours give -2A(In L) = Ay® = 1, corresponding to 39.3% CL for 2 dof

No CPV expected in

b - dgq penguins (e.g. B - KOKQ):
Loop phase cancels mixing phase
for dominant diagram
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Penguin-dominated b — sqq decay: B - n'K°

%) -

A
N
o
[

II[III]IIIl[II]IIIlIII]II

ol

1

d\
=
no

%q:+1

Asymmetry

o
o o
[

o
o o
[

-
COF

Most precise “sin 2¢, from
a charmless mode”

Events (/ 1.5 ps)

JHEP 1410 (2014) 165
BY — n’Kg

-9-q:+1
-0-q=—1

T

IlIIIIIIIIIIIIIIlIIIIlIIIIIIIIIIIIIIIIII

5
0 1
> 1
@
£ 05
€ o
)]
<.05
L R £, 0 2 4 6
At [ps]
Decay mode sin QO“iﬁ Ag
K2 +0.71 £ 0.07 +0.02 £ 0.05
nK? +0.46 +0.21 +0.09 £ 0.14
nK° +0.68 £ 0.07 £0.03  +0.03 £ 0.05 & 0.04

CP Violation (S. Prell)
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CP Asymmetries in Penguin Decays

* Theoretical predictions for 0S = Sgq5 — sin 2¢4
are small and typically positive
— Large oS could be evidence for new physics

* Most significant difference in ‘naive ~ Ssqg average
reached in 2004
— Caused a lot of excitement

— Neglects theo. uncertainties and correlation of
experimental uncertainties

— HFLAV: “We do not advocate its use, and provide it only
for academic interest. Use with extreme caution, if at all.”

* More precise measurements have since decreased
significance below lo

— Still a good place to look for New Physics

— Note, some measurements come from complicated 3-body
time-dependent Dalitz analyses

2023 Belle II Summer Workshop CP Violation (S. Prell)

—
BABAR 04
0.72210.04010.023
Belle 04

0.728 0.056 1 0.023
Average (charmonium - all exps.)
0.726 1 0.067

BABAR 04

0504025 ome

Belle 04

Charmonium

oK°

o BABAR 04
54 02740.1440.03
= Belle 04
0.65+ 0.18 0.04
BABAR 04
Y 09572 40,10
= Belle 04

1
—0.4710.41 £0.08 I = 1

BABAR 04
035”00 +0.04
B Belle 04

'
I I-
0.06+0.3310.08 B

0301 059+0.11
KSO Belle 04 ots
e
0754 064"
. BABAR 04
Q 05510221012
g Belle04
4017
048+018° 007

|<£|<£K8 Belle 04 -
' —1.26+0.6810.18
Average (s-penguin)
0.41+0.07
[ P R

'
1
M

k]

I
3 | FPCP 2004

] ]
T

P R

-2 -15 -1 -056
—My X G

0

0.5

-1

2004:6S = —-0.32 1+ 0.07 (3.90)
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CP Asymmetries in Penguin Decays

Theoretical predictions for oS = Sgq5 — sin 2¢4
are small and typically positive
— Large oS could be evidence for new physics

Most significant difference in ‘naive ~ Ssqg average
reached in 2004
— Caused a lot of excitement

— Neglects theo. uncertainties and correlation of
experimental uncertainties

— HFLAV: “We do not advocate its use, and provide it only
for academic interest. Use with extreme caution, if at all.”

More precise measurements have since decreased
significance below lo
— Still a good place to look for New Physics

— Note, some measurements come from complicated 3-body
time-dependent Dalitz analyses

2023 Belle II Summer Workshop CP Violation (S. Prell)

sin(2p°™) = sin(2¢;") EEZH

PRELIMINARY

b—ccs  World Ayerage

t0 S
os]
o
©

2
X

]

Ke™
vs}
)
us)
Y

0

T
os]
o
o

0

o o K BaBar :
n gé NBaBar
~ BaBar

o 0.70 £ 0.62
L. 1 066+0.17+0.07
i 0.90 700

© 0.57+0.08+0.02

i 0.68+0.07 +0.03
L 0.94%921+0.06
. 0.71+023+0.05
i 0.55+0.20 +0.03
—— 0.67 +0.31 £0.08
0.95 *92° + 0.06 + 0.03
—0.64 *312+0.09 +0.10

. 0.55'9%Z+0.02
- 0.91+0.32+0.05
— 0747312
Lo 0.63 7018

b 48+ 0.52 +0.06+0.10
h.20 i 0.52 + 0.07 + 0.07
1-0.72+0.71 £ 0.08
———0.92 337+ 0.11
— 0.97 2%
D.01:0.31+0.05+0.09
L 0.65+0.12+0.03

< Belle , — 0.76 "o 1a
b—)qqfsC Naive average H - 0.65+0.04
-2 -1 1 2

2021:6S = —0.05 + 0.04
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Belle II potential for CPV in penguin decays

B° — J/w K, (the “Golden” mode):
— constrains the UT

S/

=

expected 50 ab™’ uncertainty: 5¢, = 0.4°
(less than the current theory error of 1-2°)

B - ¢ K, n’Ks,0 Ks,7°Ks (“penguin” modes):

D

Aop = Acos(AMAL) 4 Ssin(AMAt) Belle IT

WA (2017) 5 ab! 50 ab~
Channel o(S) o(A) o(S) d(A) o(S) (A

J/KY 0.022 0.021 0.012 0.011 0.0052 0.0090

pKY 0.12 0.14 0.048 0.035 0.020 0.011
n' K° 0.06 0.04 0.032 0.020 0.015 0.008
wKk? 0.21 0.14 0.08 0.06 0.024 0.020

K2V 0.20 0.12 0.10 0.07 0.031 0.021
K2r° 0.17 010 0.09 0.06 0.028 0.018

Belle Il expected to improve
precision in S from 10-20% to 2-3%

2023 Belle IT Summer Workshop CP Violation (S. Prell) 39



[ ) [ ]
[ ] % %
Radl a tl L e B deca S b SY SCP Moriond 2018 b SY CCP Moriond 2018
o PRELIMINARY PRELIMINARY
BaBar : iy -0.03% 0.29 +0.03 BaBar : i [ -014+0.16+0.03
PRD 78 (2008)071102 n : PRD 78 (2008) 071102 : :
> Belle ] ! -0.32 %% +0.05 &5 Belle ; ¢ | 40.20 +0.24 +0.05
0 ﬁ S)/ an _) '}/ & PRD 74 (2006):111108 X : & PRD 74 (2006) 1111104 S~ :
Average : 1-0.16+0.22 Average : 004+0111
______________ H f'.—,‘.“&?’l’_e.'_a,‘!‘?ﬁ_?‘_’?f?g_? =) ._._._._._._._".‘_F.'_-.‘_“{g.??f.“?'ﬁl‘?f’._a.‘_’.‘?f.?.g_‘?_._._._._._
BaBar H -017#0‘2‘(5'1‘0‘0‘3'“ BaBar e o19+o14+003
5 o PRD78 (2008071102 ; >~ PRD 78 (2008) 071102 ;
o, Belle : i .o1o+031+oo7 °. Belle : ] 0.20 +0.20 +0.06
b W ( td> S (d) & PRD 74 (2006)111104(RIT— : & PRD 74 (2006) 11:1104(R) He 2 :
X Avere\a/ge : ! :-0.15+0.20 X erage : : -0.07£0.12
HFLAV correlated average T : HFLA correlated average o
CUTTTBaBar Y] TTTUTTUUOLY B R TR T B = 7 - P S I '"‘:"‘3’2“0’401‘0'0'7“
~ PRD 79 (2009) 0t 1102 At 37 < PRD 79 (2009) 011102 '—*“——‘ o
= : | -1.32%0.77+0.36 = Belle ' 1+oo7
P : ] ) PR D97 (2018) 092003
t t x Average : -0.49+0.42 = Average 0.06+0.29
HFLA correlate aver. : » » HFLA' ‘correlated average : i
""""" BaBar ~ YT "‘"""'""0"{3'4‘6’3“2“3‘3"‘ BaBar T T T T 0,397 0.0 *5.98”
> PRD 93 (2016)052013 i > PRD 93 (2016) 052013 N :
S Belle i 0.1 +0.33 %953 °a Belle -0.05 +0.18 + 0.06
» PRL101 (2008) 251601 o ] » PRL 101 (2008) 251601 :
NG Avervg : :-0.06+0.23 =< Avervg 0.2240. 14
fy HFLAV correlated average : - HFLA correlated: :average . :
L e Sganmop s i S ; "0'55'¥6'5'8"°"°"
> PRD 84 (2011),071101 3 T = PRD 84 (2011) o7lTo1—*—‘—‘; o=
» Avera\a/ge : i i 0.74+0.90 » Average : -0.35 0. 60
x HFLAV correlated average 0 g x HFLA' correlated verage ! :
0 1 -2 -1 0 1

* Expect CPV to be small (S ~ —2(my/my)sin(2¢;) ) 2 g
All measurements consistent with no CPYV,

— y helicity dominantly LH for b — s(d)y, and RH for b
- BY>K *O(KSQ no)y behaves like effective flavor eigenstate

(assuming dipole operator is dominant)
e Similar situation for B’— p%
— However, since weak phase from b — dy decay amplitude
cancels that from B°B® mixing, CPV is suppressed further
o Observed CPV would be sign of NP amplitude emitting
RH photons and with NP weak phase

* Belle Il potential: G(Spy)~ 0.07

2023 Belle IT Summer Workshop CP Violation (S. Prell)

Events/(2.5 ps)

Apov

as expected in the SM
PRL 100, 021602 (2008)

80F
70F
60F
50F
40F
30F
20k
10F

q=-1

O il
75525025575

S0,

At (ps)

20.25F

o

O .
|\I-O|\J

— O O O1
T

Raw asymmetry/

75525025575

At (ps)

—0.83 £ 0.65(stat) & 0.18(syst), and

—0.44 + 0.49(stat) = 0.14(syst),




Direct CP relations: The Kt Puzzle

o First discovery of direct CPV in B decays with B - K*n*

(BaBar, PRL 93 (2004) 131801; Belle, PRL 93 (2004) 131802)

— dCPV caused by interference between loop and tree amplitudes - Bob
| u, d
* Naive assumption that modes related by isospin of spectator quark
have similar Acp ... turned out to be wrong
0.0
More accurate sum rule predicts Axp™ = —0.138 + 0.025
(with recent LHCh K*1® measurement)
Acp(K 1) 4 Acp(K07) B(K'r) 7m0 _ (K 0)‘28([\'+7r0)&+4 (KO0 2B(K°n0)
PR )+ Aer KM ) B iernmy 7y, — AP ) a7, HAP T B
00
»  Expect error o(A&p™ )~0.04 with Belle I
Observables Belle Belle 11
(2017) 5ab~! 50 ab~!
Acp(B = KO70)[%] —0.05+0.1440.05 0.07 0.04

2023 Belle IT Summer Workshop CP Violation (S. Prell)

B+, BO

- o

Acp(BY — K+7~) = —0.084 %+ 0.004
Acp(B* — K*+7°) = 0.040 £ 0.021

5.5 standard deviations (o)

e
4500

“‘. | ]
5000 5500 6000
m(K*1’) [MeV/c2]

PRL126, 091802

(2021)

~ T

£2000E

LI B

—4 Data

= Signal
Combi

+w==« Partial
Peakin

= B > 'l

LACH T
5.4 fb!

natorial

Reco. ]
g Partial Reco. J

ot :
4500

LT
5000 5500

6000

m(K1°) [MeV/c?]

LHCb doing r° final state ‘=
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Conclusions

 (CPV observed in many processes, no inconsistency with SM
prediction of single complex phase of CKM matrix

— UT angles and sides are consistent
— Still plenty of room for New Physics to hide (at few % level)

o Belle Il (and LHCb & others) will tackle many open issues in
CPV over next decade

— Most sensitive techniques often not even considered at start of experiment

“[CP violation] is telling us that there is a fundamental asymmetry between matter and
antimatter, [...] We must continue to seek the origin of the CP symmetry violation by all means
at our disposal. We know that improvements in detector technology and quality of accelerators
will permit even more sensitive experiments in the coming decades. We are hopeful then, that

at some epoch, perhaps distant, this cryptic message from nature will be deciphered.”

James Cronin, Nobel lecture, 8 December, 1980
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T2K, Nature 580, 339 (2020)

25 t— —

20

-l
o

TIITIIIIITTI

‘llllllllllll

2l 0

V= Vg Ogp =0 - = - . Total predicted, 8, = —g
- V.-V 0e=0 | ... Total predicted, d., = »’2‘ 4
8
|l Background e— Data
6 —
0
<
]
>
@
4 —
2 v
0
0 0.2 0.4 0.6 0.8 1 1.2
Reconstructed energy (GeV)
c 1e0de v-mode | 1eOde #-mode | 1elde v-mode
v, v, 59.0 3.0 54
A 0.4 7.5 0.0
Background 13.8 6.4 15
Total predicted 732 16.9 6.9
Systematic uncertainty 8.8% 71% 18.4%
Data 75 15 15
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CPV in Neutrinos

Neutrino mixing matrix (PMNS matrix)

([ Uy U U]
U= |Uan Usp Uz
L Un Ur Us
[ 1 0 0 | C13 0 ~9]3¢3_i(5 C12 812 0 ei1/2 0 0
=10 3 523 0 1 0 —812 ¢12 0 0 eia2/2 0
_0 —8923 C23 _—813811‘S 0 C13 0 0 1 0 0 1
i €12€13 812€13 sige g'1/2 0 0
= | —s12023 — C12823813€"  c1a0a3 — S12803813€0  sazci3 0 e/2 o,
| s12823 — C1aC3813€0  —Ci1a823 — S12C23813€"°  cazci3 0 0 1

CPV phase for normal (inverted) hierarchy

_ _1gg*0.70 +0.48
dcp =-1.8973 L3 (-1.382523)

Zero CP violation ruled out at 2o

CP Violation (S. Prell)
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Removing the 90° — ¢, ambiguity PRD 71, 032005 (2008

00k -

C Moment

» Sign of cos 2¢4 resolves 90° — ¢4 ambiguity from sin 2¢4

* Need second interfering (strong) decay amplitude to
measure CoS 24 :
-0,

— e.g. between CP-odd and CP-even amplitudes ; e
in 3-body or VV B decays conah<D (ainah constr)

HELAY R WO I i Lol cu - AT T
— Requires time-dependent angular or

0.0 [

PRELIMINARY -1 -8 -6 -4 -2 ] 2 4 i 8 10

o o At (ps)
Dalitz plot analysis to extract cos 2¢4 . S

0.8 o (a) BaB&R+Belle B — [Kir*n]\) 1" with | (b) BABAR+Belle B’ — [Kyn*n7] )} 1’ with iit:

" | M) — Myir| < 150 MeV/2 . | Misoays 1 Mycaes] < T5MeV/ 130

I et | Ry - J( 120

0.6 ) 110

o H—qmo (—1)" Mixed event :
cos2 ¢, < 0 excluded: . o et M %
i ~ 30 ‘ -

¢, =(22.2 £ 0.7) 8 0

0.2 | 2 2 50

: - 10

R N o “ %

032 6 02 04 06 08 1'\ ~ g 18 + - = Fi)

-0. b i d b p S o5 05

7 —+

B° - J /YK *0 [BABAR, PRD 71, 032005 (2005)]: cos 2¢»; > 0 @ 89% C.L. = 00 +”'E+j m 00
B® — D™O(> K9 ntm~)h° [BABAR+Belle, PRL 121, 261801 (2018)]: cos 2¢; > 0 @ 3.7¢ > *CP dominated" L “mixing domintdy o

B° - D**D*"K? [BABAR, PRD 74, 091101 (2006)]: cos 2¢; > 0 @ 94% C.L. H S T=2 0 2 1§ w5120 3 1 68

B° - K*K~K? [BABAR, PRD 85, 112010 (2012)]: cos 2¢; > 0 @ 4.8¢ 7 At (ps) At (ps)
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CP Asymmetries in Penguin Decays

2023 Belle IT Summer Workshop

0 02 04 06 08 1
sin(2B") = sin(207")

Contours give -2A(In L) = Ax® = 1, corresponding to 39.3% CL for 2 dof

6S = —0.05 £ 0.04

CP Violation (S. Prell)
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GLW measurements for ¢

» Most sensitive B final states
- DepK ™ wiiE2v @ [ (B~ - DipsK®7) +T(B* - D&RLKO*)
- Dip K~ sss®@y  Rerx =2
- DepK™™ wish@8v

rg and dz depend
on B decay mode

flav flav
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CPVinB - D;p K ( CP+ CP+
IS Si n|f|Cant | = +2rgSind sinqb / R X Jf‘ AR " Y
g - —_— B B 3 CP+ 0.1 525 526 527 528
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ADS measurements for @

» Most sensitive B final states Two more variables from D decay:
- (Kn)pK sy @ (B~ > [K*n ]K™)+T(BT > [K n"]K") 4, and s, depend on b mode, can

oo _
_ (KT[TL-O)DK%%i ADS F(B— N [K_7T+]K_) n F(B+ N [K+7T_]K+) be measured at CLEO-c or BESIII
=12 + 15 + 2151y c0s(8g + 6p) COS P3
_(1(37-L-)DK&C'{‘9i - + =K~ + -+t
g = MEolK T IKT)-T(BT K Tn K ) PRL 106 (2011) 231803
- (Km)p+K sskF8v ADS = p(B->[K+n-]K-)+T(B+—>[K-mt]K+)
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Sensitivity to ¢

Extract ¢; from fitto D - Kdn*n~ and
D - KQK*K~ Dalitz-plot distributions
with variables x and y

JHEP 2021, 169 (2021)

D, .. K'x, vs y. modInd 1 -
Dalitz + VS ¥, Moriond 2021 0.10 = L D)
o zt PRELIMINARY 7
B T T T 1 i [faT "

S BelleB” : |
7z, LHCbB 0.05 -

Belle B
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Averages @ X _ y_

01

27y B~
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X, .’IZDK

Contours give -24(In L) = Ax® = 1, corresponding to 39.3% CL for 2 dof
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CPVin B, Decays

CKM matrix up to O(A%)

Bs is equivalent of ¢, in

Vid| | Vsl Vusle™ time-dependent B CPV
- 5
VC'KM,Wolfenstein — _l‘/cd| |‘/cs| ‘/cb‘ R O(/\ )
—i is ~
Vidle ™ —|Vile® |Vl cés ~ 2B,
WA .5 HFLAV
2 DO 8 b
2 8a3: 68% CL contours
< (Alog £ =1.15)
P World average:
0.111 : —
€6 = —0.050 + 0.019
0.09
Combi
*AT< errors scal LHCb 4.9 fb~! o
0.07 SM prediction:
7S — +0.0007
ATLAS 99.7 fb~1 s> ==0.0370Z¢:0008
0-0%7s 0.3 0.1 0.1 0.3

¢<[rad]
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B 5> 10 and B » n°n® CPV and BFs

0,0
(7°7°) [Teotal PRD 87, 052009 (2013)
VALUE (units 10~9) CLY% : , : , ' , ; ,
1.59+0.26 OUR AVERAGE (error scaled by 1.4) o150 ]
1.314+0.1940.19 Belle, PRD 96, 032007 (2017) > C ]
1.834+0.214+0.13 BaBar, PRD 87, 052009 (2013) ﬁ 100:_ B — 7.[07.[0 -

C,ro,’ro(Bo — 1r°1r°) v E ]

VALUE < so- 7]

—0.33+0.22 OUR AVERAGE a [ )

—0.144+0.364+0.10 Be”e, PRD 96, 032007 (2017) 8 :T ’_L ._L_. ]

—0.43+0.26+0.05 BaBar, PRD 87, 052009 (2013) @ O ] ++ |

+ o : L | L L L |
I(r+7°) /Tiotal 52 522 504 526 528
VALUE (units 10~6) CL% M (GeV/c?H)

5.5 +£0.4 OUR AVERAGE (error scaled by 1.2) 60

5.86+:0.26+0.38 Belle, PRD 87, 031103 (2013) > Tt | ' ' !

5.02+0.46+0.29 BaBar, PRD 76, 091102 (2007) s [ ]

46 T18 08 CLEO, PRD 68, 052002 (2003) S 40- .

5.4879-3> HFLAV average (no scale factor) z [ ‘
o 207, -

Acp(Bt = ntx0) @ :/ ae 4‘

VALUE 1 _1_. .
0.03 +0.04 OUR AVERAGE 0 I I l T
0.025+0.043+0.007 Belle, PRD 87, 031103 (2013) e H'*+ ‘t‘
0.03 +0.08 +0.01 BaBar, PRD 76, 091102 (2007) _0'2 — 0'2
0.026 £+ 0.039 HFLAV average ' AE (GeV)
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&, from B — pp with Belle II

* Most measurements will still be statistically
limited with 50/ab

— Expected error
Apy ~1° without S p0p0 constraint, and

Apy ~0.6" with Sp0p0 constraint

e The BY = (mp)°Dalitz analysis

— Done by both Belle and BaBar, but limited
by spurious ambiguities due to small data
samples

— Analysis should be repeated with a few
ab~Y , which will allow to estimate
sensitivity with 50 ab™?!

2023 Belle IT Summer Workshop

Value 0.8 ab—! 50 ab~!

JL.ptp- 0.988 +0.012 +0.023 [725] +0.002 £ 0.003
fL.p0 0 0.21 +0.20 4+ 0.15 [729] +0.03 £ 0.02
B+~ no® 28.3 +1.5+ 1.5 [725] +0.19 +£0.4
Boyo 1109 1.02 +0.30 + 0.15 [729] +0.04 £+ 0.02
Aptp- 0.00 +0.10 4+ 0.06 [725] +0.01 £ 0.01
Sptp- —0.13 +0.15 + 0.05 [725] +0.02 £+ 0.01
Value 0.08 ab~! 50 ab~ !

JL,p+po 0.95 +0.11 £ 0.02 [716] +£0.004 + 0.003
Byt o 10 31.7 +7.1 £5.3 [716] +0.3 +£0.5
Value 0.5 ab—! 50 ab~!

A o 0 —0.2 +0.8 £ 0.3 [715] +0.08 £ 0.01

S 5o 0 0.3 +0.7 £ 0.2 [715] +0.07 £0.01
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