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Introduction Mixing

Facilities CPV INTRODUCTION
Spectroscopy Decays

DISCLAIMER

CHOICE OF SUBJECTS, AND ESPECIALLY EXAMPLES, HAD TO BE MADE;

SPEAKER IS TO BE BLAMED FOR NOT SHOWING YOUR FAVORITE MEASUREMENT

FREQUENTLY USED REFERENCES:

PDG: M. TANABASHI ET AL. (PARTICLE DATA GROUP), PHYS. REV. D 98, 030001 (2018).

HFLAV: HEAVY FLAVOR AVERAGING GROUP, HTTPS./ /HFLAV.WEB.CERN.CH/

PBF : THE PHYSICS OF THE B FACTORIES, A. BEVAN, B. GOLOB, T. MANNEL. S. PRELL, B. YABSLEY EDS., EUR. PHYS. J. C 74 (2014) .

BIIPB: E. Kou, P. URQUIJO ETN AL. (BELLE Il COLL.), ARXIV:1808.10567

BELLE PHYS. WEEK , KEK, OcT 2019
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Mixing

MULTI-BODY SELF CONJUGATED STATES

DO 5Kz 77"

NO CPV RESULT:

X = (0.56+0.19 + 03 4 0%6yoy,

0.09  0.09

y = (0.30+0.15+ % + 9%)05

0.06

I

UNCERTAINTY DUE TO
DALITZ MODEL
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Events/ 0.015GeV?c?

T3

m2 (GeV?/c?) m? (GeV?/c?)

T. PENG ET AL., (BELLE COLL.), PRD 89, 091103 (2014)



Mixing

MULTI-BODY SELF CONJUGATED STATES
DO 5Kz 77"

BIIPB

BELLE II: .1 o(x) [107]
SYST. UNCERTAINTY
DOMINATES @ FEW AB'!

IN TURN, SYST. UNCERTAINTY
DOMINATED BY THE MODEL G(y) [10-2]
UNCERTAINTY _ e

CAN THIS BE EVADED?

BY MEASURING STRONG
PHASE VARIATION ACROSS
DALITZ PLANE USING

COHERENT DODO paIrRs (BES I1I)
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Mixing

MULTI-BODY SELF CONJUGATED STATES

DO 3 K T —/—72— - A. BONDAR, A. POLUEKTOV AND V. VOROBIEV, PRD 82, 034033 (2010)
S A. GIRI, Y. GROSSMAN, A. SOFFER, AND J. ZUPAN, PR D 68, 054018 (2003)

MODEL INDEPENDENT METHOD
DALITZ- AND t- DEPENDENT AMPLITUDE UP TO O(X2,y?) NOTATION: |GIS [.p€'%
P

C. THOMAS,
G. WILKINSON,

+ xpsin(d1213 — 013,12 — (l('P)}J JHEP 2012185

Gl —I't] 2 : ol 8 Y
PD()(‘III-IQ. mys, t) =Te [(112.13 + Trop @12.13 A13.12 L't {I/D (_‘()b(()lg_l;; = ()13_1-2 = (,1(']))

INTEGRATING OVER DALITZ- AND t-BIN

ty
9 9 92 o,
/ / Ppo(miy, mis, t) dt dmi, dmis =
i Jt

2N symmetric bins

a

n{(e‘““ _ e Tt [F(e_n“l‘a _ e Thg) o (e — (f‘rtb)]

X {"'(‘P v IT_i(yp [ci cos(acp) + s;sin(acp)| + xp[s; cos(acp) — ¢ Sill(“('P)])}}

_ IN LIMIT OF NO MIXING AND NO CPV
/ afy 13 dmi, dmis . ‘:C‘ # OF EVENTS FROM D? IN i-TH BIN

: S. =Sy —> FREE PARAM. OF FIT
COSINE AND SINE OF AVERAGE
STRONG PHASE DIFFERENCE D9%D0
IN BIN | WEIGHTED BY RATE
— QUANTUM CORR. DD pAIRS

~ ~ 9 9
(012,13 — 013.12) dmy, dmis,

1 /
—F— [ Q12,13 Q13,12 COS
VT.T_; J;

- ~ \ 9 2
(012.13 — 013.12) dm7, dmi, .

1 / .
—— [ 1213 Q13125111
i I R
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Mixing

MULTI-BODY SELF CONJUGATED STATES

J. LIBBY ET AL. (CLEO-C COLL.), PRD 82,1 12006 (2010)

DO 5Kz 77"

MODEL INDEPENDENT METHOD

BINNING OF DALITZ PLANE BASED ON

A. POLUEKTOV ET AL. (BELLE COLL.), PRD 81, 112002 (2010)

(A0~ CONST. ACROSS BIN)

m2 (GeV?/c?)

RESULTS USING L=0.8 FB''
i o
N = 4 equal Aédp bins
0.858 = 0.059 £ 0.034 0.309 4 0.248 + 0.180
0.176 £ 0.223 £+ 0.091 0.992 £+ 0.473 £+ 0.403 0.5 1.0 1.5 2.0

—0.819 £ 0.095 = 0.045 0.307 £ 0.267 = 0.201 m?2 (GeV?/c?)
0.376 £ 0.329 & 0.157 —0.133 £ 0.659 £ 0.323

J. LIBBY ET AL. (CLEO-C COLL.), PRD 82,1 12006 (2010) METHOD P. 42 DALTZ t-DEPENDENCE P. 44

UNCERTAINTIES ON C; , S; PROPAGATE TO MEASURED VARIABLES (AS SYSTEMATIC
UNCERTAINTY),

STILL STATISTICS DOMINATED — BESIII HAS 3 FB™' OF DATA, PLANNING TO
RECORD 10 FB'! MORE
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Mixing

MULTI-BODY SELF CONJUGATED STATES
DO 5Kz 77"

MODEL INDEPENDENT METHOD
T. PENGET AL., (BELLE COLL.), PRD 89, 091103 (2014) : 1.833 - 10% D* TAGGED D° —>Ksz 7" /AR

C. THomas, G. WiLkinson, JHEP 2012:185 . 100 - 10% D*TAGGED D° —)KS7Z'+7Z":

LHCB NEED ADDITIONAL o(y)= [+0.019 +0.087(c, s)] 102
~1 FB' (IN ADDITION TO bl

EXISTING 9O FB-') TO REACH

THIS STAT. ACCURACY \ 108 D*TAGGED D® -»Ks7 *7°: (BELLE Il @20 AB™")
o(x)~ [+0.032 +0.039(c, s)] 102 BESII wiTH 3 FB''

oy)=[£0.036 +0.045(c, s)] 102 (ONLY SIMPLE

! 1)~
o(X@20 ab™)~0.12 SCALING WITH L)

: MODEL DEPENDENT
I METHOD

BELLE PHYs. WEEK, KEK, OCT 2019



Mixing

WHERE DO WE STAND?

HFLAV |

O NO MIXING POINT

X = (0.50 + 0.13)%%

— 0.14

y = (0.62+0.07)%

REPEAT FROM P. 29, W/O ANY
DISCLAIMER;

D° MESONS, LIKE OTHER M,
DO MIX, WITH THE LOWEST
PROBABILITY OF ALL

AP — D°) ~3-105
D° MIXING IS DATA DRIVEN FIELD
(N.B. X, YNEEDED FOR CPV PREDICTIONS)

BELLE PHYs. WEEK, KEK, OCT 2019



CphPV

... IS SMALL

CKM IN WOLFENSTEIN R
PARAM. (TO O(13) =y 1-22/2

AN [1—(1—A%/2)(p+in)] —ANZ+

ELEMENTS RELATED TO
CHARM ARE REAL
= NO COMPLEX PHASE, NO CPV (IN SM)

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

... IS SMALL

PBFB

CKM IN WOLFENSTEIN 1-22/2—-21/8 A AX3 (p—in)
PARAM. (TO O(13) —A+AZXB[1—2(p+in)]/2 1—-22/2—2%(14+4A2)/8 AX2
AN3[1—(1=22/2)(p+in)] —AXZ+ANY[1-2(p+in)]/2 1—A%21/2
ELEMENTS RELATED TO A
CHARM ARE REAL +0(1")
= NO COMPLEX PHASE, NO CPV (IN SM)

CKM IN WOLFENSTEIN
PARAM. (TO O(1%)

_{x+nm| DY)

* (| DY)

=2 arg(V4Vua) & 24°X0% = 1.2 x 1073

CPV IN CHARM SECTOR IS SMALL, ASYMMETRIES ~ O(703)IN SM.
POTENTIALLY GOOD PLACE TO LOOK FOR NP EFFECTS.

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

SOME REMINDERS

- 0
F=f=t., dN(D” — f)

dt
— —

) = Moce‘“‘ﬁxf‘z 1-y

A=A dt
CPV IN DECAY (CPVDECQC)

2) , AND

TAKING INTO ACCOUNT 1),

e T A | [L- yRe(2, )Tt +xIm(2,)Tt]

_ 1 _
G Re(/lf)l“t—xlﬂL : Im(ﬁf)rt}
f f

g 1l CPV IN MIXING (CPVMIX)
P

3) Im(/l ) -+ 1 CPV IN INTERFERENCE BETWEEN DECAYS W./ AND W/ O MIXING
f (CPVINT)

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

SOME REMINDERS

Af — a1 _|_a2 :| al | ei(51+(01)_|_ | a2 |ei(52+(02)
(M — f)-T(M - f) [A /A [ -1

FOR CPV AT LEAST
TWO PROCESSES WITH

DISTINCT WEAK AND (S m B m -

STRONG PHASE

NECESSARY B 2|aa, |sin(o, —o,)sin(e, —¢,)

e e, =———— ————————
DECAY) | & |2 +| d, |2 +2] &,d, | COS(52 - 51) COS(§02 B ¢1)

IN D MESON DECAYS THIS

IS ONLY POSSIBLE IN SCS
DECAYS WITH CONTRIBUTION
OF PENGUIN DECAYS (BESIDE
TREE CONTRIB.)

BELLE PHYsS WEEK, KEK, OCT 2019



CPV
DO — K*K-, 77"

~1 f=CP-

. _{+1 f =CP+
=

WITH CPV PARAMETRIZATION
MORE INVOLVED
(N.B. Ay, Ayl << 1)

A,; CPVMIX
A,: CPVDEC

EXPRESSION FOR Yp GETS
MODIFIED BY KEEPING TERMS q/p
IN ,MASTER" FORMULAE

IN LIMIT OF NO CPV |d/p|=1, ¢=0 = yp=Y;

dN(DO—af&,;th(ﬁn—»faa

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

DO —» K*K-, 7t 7~

NEGLECTING CPV 1

ASSUMING CPV — eff eff fCP
Ticp —Ticp oA :
A=—r— " —e y COS ¢ — XSin ¢

eff
Ticp T Ticp

CPVDEC CPVINT
CPVMIX

IN LIMIT OF NO CPV |g/p|=1, =0 = A, =0

BELLE PHYsS WEEK, KEK, OCT 2019



CPV
D0 — K*K-, #t7z-

ASYMMETRY A MEASURED TOGETHER WITH Yp (JUST DIVIDING THE SAMPLE INTO
DO /DOTAGGED) M. STARIC ET AL. (BELLE COLL.), PLB 753,412 (2016)

-
=
o

&
—
-
1S
=
o
3
=
i
’\
=

pull

-1000 0 1000 2000 3000 4000

SUBTLE / IMPORTANT EFFECTS OF SVD
MISALIGNMENT,;

IN T MEASUREMENTS O(%) EFFECTS MY BE
INCLUDED IN SYST. UNCERTAINTY;

IN DETERMINATION OF %0 EFFECTS NOT

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

DO —» K*K-, 7t 7~

MORE P. 46

B FACTORIES: LHCB:

(dN(D°—> f)j_(dN(D°—> f)j

—eff eff
A = Tiep —Ticp

T —eff eff
Ticp T Ticp

A =(1.3+3.5+0.07)-10™

USING PROMPT D*'s;
SIMILAR RESULT WITH
b — cuX

dt dt

R. AAIJ ET AL. (LHCB CoLL.), LHCB-PAPER-2019-032

dt dt A ATt
(dN(D°—>f)]+£dN(D°—>f)j~ A

v?/ndf =22/19 LHCb preliminary
D’—K'K~

A prim (t) [%]

CURRENT COMBINED
EXP. SENSITIVITY
O(104);

TH. PREDICTIONS FOR
AF ~ O(10®) A CERRIETAL.ARXIV:1812.07638

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

DO —» K*K-, 7t 7~

dt P dt

1deeaS(D0 BN f)j_(l deeaS(50 N f)
[ldeeaS(DO_)f)j—F(ldeeaS(DO_)f)

+

+

NO PHYSICS (CPV) ASYM. EXPECTED
(CF DECAY) — CORRECT &, IN BINS
OF KINEMATIC VARIABLES SO THAT
N(D**) = N(D* ) IN EACH BIN

f_ MAG. FIELD
= ORIENTATION

(Ar)
g (AP™)

o~ Ar

- A

R. AAIJ ET AL. (LHCB CoLL.), PRL118, 261803 (2017)

BELLE PHYsS WEEK, KEK, OCT 2019



DO —» K*K-, 7t 7~

ASYMMETRY A

LHCB USING b —¢C LHCb 2015 u tag

Belle 2016

D*s

A =(~0.032+0.026)%

BELLE PHYsS WEEK, KEK, OCT 2019

HFLAV

M

0 01 02 03
Ap (%)

0.088 = 0.255 = 0.058 %

-0.120 = 0.120 %

-0.125 £ 0.073 %

-0.030 = 0.200 = 0.070 %

-0.013 + 0.028 = 0.010 %

-0.032 = 0.026 %




CphPV

T-INDEPENDENT METHODS

DT —+ Jj ~TF = f)

tHINTEGRATED ASYMMETRY Acp F( D — f) 4 F(E i 7)

FOR GENERAL fi Agp' ~ Ay, + Cyycosg + C,xsing

WHY? P. 48
CAHA Aﬂ

MEASUREMENT INCLUDES F=f, COS@+ XSy

DETECTOR INDUCED
ASYMMETRIES
(EXAMPLE OF D%)

N(Dt* —- XhT)— N(D~ — Xh™)
~ N(Dt — Xht)+ N(D~- = Xh™)

Al <<71 .
Arec — ACP T AFB T A?

PHYSICS ASYMM. DIFFERENCE IN h*
INTERACTIONS ON
VINy=NE

FORWARD-BACKWARD
ASYMM. IN ete” - CC ;
VANISHES IF INTEGRATED
OVER FULL POLAR ANGLE

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

T-INDEPENDENT METHODS
N(cos.) — Nz(cosf.)  8A%gcosb,

FORWARD BACKWARD

ASYMMETRY Ay, N,(cosf.) + Nz(cos0,)  3(1 + cos2?6,)
(*)-
xD/'
¢ .5 Acp = [Afee (cos ™) + Ao.' (—cos0™)]/2
T App = [ASS (cos 07) — AL (— cos 07)]/2

Arec — AC’P ih AFB i A?b

& ASYMMETRIES
EXAMPLE OF D** — D° (= K*K", 77"
D* - —» D (—» K*K-, 7t7-

NEED SAMPLE W./O PHYSICS ASYMM. TO CORRECT” OR TWO SAMPLES TO SUBTRACT
— CF DECAYS
D** - D (— K'7*) 7t APE — AL 2 Apy 4 AS™ 4+ AT

rec
D0 —» K7*

Auntag A +AFB +AK7T

rec

*MC TYPICALLY NOT RELIABLE AT < O(%)

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

T-INDEPENDENT METHODS

ASYMMETRY A DEPENDS ON
7o KINEMATICS —>

BINNED IN P, COSO, s °
... AND IN COSOy*.... WHY? '

BECAUSE 6, ,CORRELATED
WITH 6%

INTEGRATION OVER 65" IN A
GIVEN BIN OF 0 DOES NOT | AcptAgg(cosé)
COVER FULL 6y* INTERVAL = e

DOES NOT ASSURE VANISHING
OF Arg

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

T-INDEPENDENT METHODS

ASYMMETRIES

B. AUBERT ET AL. (BABAR COLLAB.), PRL 100, 061803 (2008)

0.995

0.99

0.085

Momentum (GeV/ce)

0
-0.01

-0.02
SLIGHT DEVIATION OF DATA

FROM Arg PREDICTION P. 50

ASK =(-0.43+0.30£0.11)-10°

-0.03

-0.04

-0.05
(

M. STARIC ET AL. (BELLE COLLAB.), PLB 670, 190 (2008)

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

T-INDEPENDENT METHODS

OTHER INGENUINE METHODS TO DETERMINE
UNWANTED ASYMMETRIES,
E.G. LHCB:

— f_ f
AAcp=Acp-Acp
M. SCHUBIGER, BEAUTY 2019

f=K*K", f'=n*7"

(3]

Candidate
=
o)
(=)

%005

BELLE PHYsS WEEK, KEK, OCT 2019

Arec — ACP + Aprod + A:S

_ AKK T
o P + Aprod + Ag

KK
Arec
Avc

__ AKK mr _ pAKK
AArec — TNec T TYec — P

N7 T
_ P + Aprod + Ag

~ 2200
1800
1600
1400 .D“ - 7t
1200 D Comb. bkg.
1000

800

600

400

200

LHCb LHCb

D
—
o
=
j=
o
(=

+ Data + Data
.Dn - KK

DCOmh, bkg.

Candidates / (0.1 MeV/c?

2015 2020
m(D° ) [MeV/c?]

: Q0
2010 2015 2020 2005

m(D°7+) [MeV/c?]

R. AAIJ ET AL. (LHCB CoOLLAB.), PRL 122, 211803 (2019)



CphPV

T-INDEPENDENT METHODS 7T
Arec — ACP + Aprod + Ag

OTHER INGENUINE METHODS TO DETERMINE KK _ AKK A Ayzs
UNWANTED ASYMMETRIES, Arec _ P + prod + £
E.G. LHCB:

T N\AT 7T
‘ Arec _ P + Aprod + Ag
AAcp=Acp-Acp’
A _ aAKK mr _ AKK T
M. SCHUBIGER, BEAUTY 2019 Amc — Amc - ec P

E791 1997

FOCUS 2000 ’

CLEO 2001

L ]

BaBar 2007 — *

Belle 2008 — *

CDF 2011 A P
LHCb 2011 e

CDF 2012 —
LHCb 2013 S
LHCD 2014 — T
LHCb 2016 — —e—

LHCb 2019 . 4

| | I | I 1
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

AA(’p [%]

R. AAlJ ET AL. (LHCB COLLAB.),
PRL 122,211803 (2019)

FIRST OBSERVATION OF CPV IN CHARM AACP — (—15_4 + 2_9) 107

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

T-INDEPENDENT METHODS

Arec :ACP_l_AFB_l_A:i +A:S
\—ﬁf—_J

OTHER INGENUINE METHODS TO DETERMINE
UNWANTED ASYMMETRIES, Adet
E.G. BABARIN D" > Kg7 ™!

P. DEL AMO SANCHEZ, ET AL. (BABAR COLLAB.), PRD 83, 071103 (201 1)

Y(4S) -» BB : STRONG INT. (NO CPV),

ISOTROPIC DISTR. OF TRACKS IN BSYSTEM

THE SAME DOES NOT HOLD FOR e*e” —» Qg !

USE INCLUSIVE SAMPLE OF TRACKS FROM BB ; DETERMINE ASYMMETRY OF 7= IN
KINEMATIC BINS;

USE INCLUSIVE SAMPLE OF TRACKS FROM CONTINUUM; DETERMINE ASYMMETRY
OF 7%= IN KINEMATIC BINS;

Saas sVl A, (7 kinematics)

— APPLY CORRECTION TO MEASURED ASYMM.

NEED TO BE CAREFUL NOT TO
BIAS INCLUSIVNESS BY SELECTION

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

COMPARISON TO PREDICTIONS AA., =(~15.4+2.9)-10™

R. AAIJ ET AL. (LHCB CoLLAB.), PRL 122,211803 (2019)

DIFFICULT TO CALCULATE (ASK ALEXEY/ALEX/...)

WITHIN SUGB),, avor - Acp™ ~ -Acp™ 7"

BUT THEN AGAIN, DATA SHOW SU(3)., ,,0r VIOLATED AT O(30%) IN AMPLITUDES

U. NIERSTE, BEAUTY 2019

CP asymmetries of hadronic charm decays ...
...are proportional to Im {2 |= —6 - 10~ in the Standard Model

...and probe new physics in flavour transitions of up-type
quarks,

... are very difficult to predict in the Standard Model.

im| e | 6104
V.V, —V4V4

CS " US

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

COMPARISON TO PREDICTIONS

SORRY, NEED TO DO (REPEAT!) A KIND JOKE; U. NIERSTE, BEAUTY 2019

The theory community has delivered a perfect service to the
experimental colleagues:

Every measurement hinting at some non-zero CP asymmetry was
successfully postdicted offering interpretations both

@ within the Standard Model
and

@ as evidence for new physics!

And we are not stubborn at all: After new measurements we eagerly
change our opinions!

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

COMPAR[SON TO PREDICTIONS U. NIERSTE, BEAUTY 2019
2Vcqub
V.V _chvud

CS " US

~-6-10"*

SO..... Als oc Im

... BUT THE PREFACTOR??

A. KHODJAMIRIAN, A.A. PETROV, PLB 774, 235 (2017)
USING QCD sSuUM RULES KK T
P ~cp

ACTUAL PREDICTION AACP ~20-10*+03.10™*

SIGN??

AA., =(~15.4+2.9)-10™

R. AAIJ ET AL. (LHCB CoLLAB.), PRL 122, 211803 (2019)

NEED FURTHER EXPERIMENTAL

AL(D° — KsKg)| < 1.1%
INFORMATION / CLARIFICATION ‘aCP( 7 ANS S)I — LK

U. NIERSTE, ST. SCHACHT, PRD 92, 054036 (2015)

dir 0 \ 1 %0 ¢ 25
SEPARATE AcpKK, Agp™ 7" acp(D” — K™ Kg)| <0.003

ACP SUMRULES P. 52 U. NIERSTE, ST. SCHACHT, PRL 119, 251801 (2017)

BELLE PHYsS WEEK, KEK, OCT 2019



CphPV

DO — K*7x- 0 _
AN > 1) oce“{r —ry Tr+ 2 Y +y” (T't) }
t-DEPENDENT dt 4

SEPARATELY FOR DO
AND DO N DO .I: _ . X|2 12 .
d ( dt_) ) OCeFt|:r+2—r+y+'Ft+ +Zy+ (rt)2:|

.
dN(D° > f)

MANY PARAMETERS...

1/4
} | IS :1'\[ ’ i S g
T e (' cos o £ ¢y sin @)
SIMILARLY IN 1F An
DO — KS7Z'+7Z" { ik 1/4
T+ AMm :
WHERE |q/p| AND ¢ 1 = T—] (' cos ¢ F z’ sin @)
ENTER DIRECTLY AS 1F Anm
FIT PARAMETERS

BELLE PHYsS WEEK, KEK, OCT 2019



AVERAGES
69 MEAS. OF e  |cpvaowed
INDIVIDUAL i —
PARAMETERS
ENTER THE FIT;

Moriond 2019 |

Arg(g/p) [degrees]

10 FREE PARAM.

A, Agi™
ENTER FIT AS
INDIVIDUAL FREE
PARAMETERS;

 —| e M popepebippegepdogspg b b |

2 -01 0 01 02 03 04
lg/pl-1

y2/ndf ~ 1.5
MIXING NO CPVMIX, CPVINT

DETAILS

g NO CPVDEC P54
X = (0.39 + 011)% —=0.97£0.
(0.39+35)% ) 0.97£0.05% 6 005016 AZ 20062015
S, =26°+%
_ 0.06\0 —_30° 445 2
y= (0-65i 0.07 /0 ¢ =-3.9 =& 4.6°

BELLE PHYsS WEEK, KEK, OCT 2019



Decays

(SEMI)LEPTONIC DECAYS

L. ZHANG, BEAUTY 2019

e — y(3770) —» DD
BES Il i i

TAG SIDE:

DOUBLE TAG
METHOD

D'

SIGNAL SIDE: = .

e’ M

miss

@Ecm = 3.773GeV = Bgig =

:(:i:EC'7l = 4.178(}0\" = Bsig —

BELLE PHYs. WEEK, KEK, OCT 2019

e : e
P T W3TT0) o —

e & — y(4160) — 0. D'

e’ e
— /(4160 <o —

D.,, .
s/ [D:
Y

'\reiq

a
‘\taq tag. ng/ toq

N

gig

B(D% — 4Ds) Y, N&

tag faq erq/ tag




Introduction Mixing
Facilities CPV
Spectroscopy Decays

(SEMI)LEPTONIC DECAYS

B-FACTORY
METHOD

Nsig(Mmiss) / [‘9 (f) Nsig(MreC)] = Br(Ds ﬁ‘f)

BELLE PHYS. WEEK, KEK, OcT 2019

CHARM DECAYS (SEMI)LEPTON.

A. ZUPANC ET AL. (BELLE COLL.), JHEP 09, 139 (2013)

DY, D, Ac (Dtag)

C e P(fA)
e_ - e+
N ~
D* - A -
S \ N 4
K DS > - I\/Imiss
frag M ~~~~~ -
Xfrag rec v
f

B. GoLOB, CHARM EXP‘'s 32/42



Decays

(SEMI)LEPTONIC DECAYS

TD . TN D,

B-FACTORY B(D] — (Ty) =
METHOD

9 9 L B
8"— fbs GF | ‘/(_‘S ' my
/"

Nsig(Mmiss) / [5 (f) Nsig(Mrec)] = BI’(DS %f)
LEPTONIC DECAYS.
A.ZUPANC ET AL. (BELLE COLL.), JHEP 09, 139 (2013)

i = nothing

Pull Events /( 0.002 GeV/c?)
Events / (0.01 GeV?%c*)

=
o

2 s ’ 0. 0.2 0.4 0.6
Mriss(D,,  KiragXtrag?) (GEVIC?) 158D, KpragXiragth) (GeVZ/ic?)

tag

MORE P. 57
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Decays

(SEMI) LEPTONIC DECAYS A. ZUPANC ET AL. (BELLE COLL.), JHEP 09, 139 (2013)

(a) electron mode

w
o
o

B-FACTORY
METHOD

Events / ( 0.05 GeV )
g

FOR 7vBESIDE M,, . ALSO
E,_., EXPLOITED

-
o
o

2

Br(D, — uv) =(0.531+0.028 +0.020)%
Br(D, — 7v) = (5.70 +0.214 231)%

S \\\ o(Br)/Br
—0.30 J _
f, =(2555 £4.2 +5.1) MeV \
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Introduction Mixing
Facilies CPV CHARM DECAYS (SEMI)LEPTON.
Spectroscopy Decays

(SEMI)LEPTONIC DECAYS

DY, D*, A, (Diag)

C e P(fA)
B-FACTORY e = et
METHOD CAN BE USED FOR D°/D, -
DECAYS TO INVISIBLE FINAL STATE D+ ~a ‘
\\ - 72'5
DO
Kfrag ‘ M """"" -
Xfrag | rec 7
}
V4 M miss
Eecl

SENSITIVITY P. 59
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Decays

BESI“ LEPTONIC DECAYS M. ABLIKIM ET AL. (BESIII COLL.), PRL 122, 071802 (2019)
LN N EL AL AL I LN LA Y L LA S S s B g

‘ z
80 PRL122,071802(7019
“NpT = 1135.9 + 33}1.

Br(D, — uv)=(0.549 = 0.016 +0.015)%

(o))
o

) =9.96+0.52

1N
o

Events / 4 MeV%/¢*

N
o

RSM =9.76+0.03

SEVERAL IMPORTANT SOURCES OF SYS. | MM (GeVYc?)
UNCERTAINTIES:
&, ON SIGNAL SIDE ~ 1%

AMOUNT OF BKG. WITH UNMATCHED y ON SIGNAL SIDE ~ 1%
CONTRIB. OF D_RADIATIVE DECAYS (D.— uvy ~ 1%

IF TOTAL UNCERTAINTY SCALABLE. c(BRr)./Br ~ O0.024% wWITH 10 FB!
SAME AS TOTAL UNCERTAINTY AT BELLE [l @ 7 AB’!
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Decays

BESI“ LE PTONIC DECAYS M. ABLIKIM ET AL. (BESIII COLL.) ARXIV:1908.08877
D*— (= nv)v U ENHANCED T ENHANCED

LARGEST SOURCES OF
SYS. UNCERTAINTY:.
BR(D"—> uv) ~ 7%
BKG. SHAPE ~ 4%

L
>
®
e
o
Q
o
~
2]
c
o
>
®
-
o
—
@
o
E
=
pd

Number of events/0.02 (GeV/c?)?

M2, (GeVic): M. (GeVic’)’

Br(D* - rv) = (0.120 + 0.024 +0.012)%

PDG +
BB o) _a5110644043

FIRST OBSERVATION

Rz'/
“ Br(D" - uv)
R*M =2.67

tlu
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Decays

BESI ” SEM”_EPTONIC DECAYS M. ABLIKIM ET AL. (BESIII CoLL.) ,PRL122,011804 (2019)
DP— K- utv

dr(D° — P~(tvy) : G2 (g —mp)*\/Ep—mp Ng=47100%259
dq® = IVeQ 2473 q“mb,

OO

m?
( = )mDU(E —m3)|f(q%)]?

2g>

ey

FORM FACTOR f,(g?)

—
>
Q
=
0
&",2
—
(7))
fd
=
o
>
LU

miss — ~“miss ~ ’pmissl

Emiss = Ebeam iR EK‘ . E;F

] I 1 ] | 1 I | 1 ] L]

BELLE Il @ 50 AB! USING METHOD FOR
D. — uvPROBABLY LOWER STATISTICS
THAN BES Il wiTH 10 FB! P. 60

qz (GeVZ/c“) COMPARISON TO LQCD

V. LUBICZ ET AL. (ETM CoOLL.) , PRD96, 054514 (2017)

1 1 L1 I 1 1 1
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Decays

D° — Vy

RADIATIVE DECAYS D° — Vy
V=0’ ¢, K

T. NANUT ET AL. (BELLE COLL.), PRL 118,051801 (2017)

IMPROVED MEAS. OF BR'S, INCL.
1 ST OBSERVATION OF
DO — p%

NP coULD ENHANCE
A-AD° - Vy) ~O©.1)

G. IsIDORI, J.F. KAMENIK, PRL 109, 171801 (2012)
J. LYON, R. ZWICKY, ARXIV:1210.6546

S. DE BOER, G. HILLER, JHEPOS8 (2017) 091

FIRST MEAS'S OF A

MAIN BKG. D% — h*h-7%(— )

IMPORTANT 7° (— ) VETO TO REDUCE
BACKGROUNDS
NN VETO

BELLE PHYs. WEEK, KEK, OCT 2019

C
9
+—
o
2
)
| -

79 VETO

C(r®) (Belle Il)
C(r°) (Belle)

. BELLEI

.

< Efficiency



Decays

BR AND CPV T. NANUT ET AL. (BELLE COLL.), PRL 118,051801 (2017)
3 €
S >
RADIATIVE DECAYS D? — Vy = — combingtorial | = L
0 30 = irreducible bkg,| = comblnoatonal
V=p’, ¢, K 2 2 mic:trzg[]gble bkg.
@ i
HELICITY ANGLE AND M(D°) ‘ A K

TO ISOLATE SIGNAL

BR (AND A DETERMINED il 5 AR neorsnr
W.R.T. NORMALIZATION MODES ' ' ‘ ' ' " M(D") (GeV/c?)
s, KK, Kozt

n° bkg.
- other D°
combinatorial

Events / (7.8 MeV/c?)

B (D° - p’y) = (1.77 £ 0.30 £ 0.07) x 10~°,

B (D" = ¢vy) = (2.76 £ 0.19 + 0.10) x 107°,

B (D’ - K**y) = (4.66 +0.21 £+ 0.21) x 107*.

CALCULATIONS (O.1-1) 10° ol
©.1-2) 10 by
10 X ¢y K™y
S. DE BOER, G. HILLER, JHEPO8 (2017) 091
BELLE PHYs. WEEK, KEK, OCT 2019



Decays

BR AND CPV

RADIATIVE DECAYS D° — Vy
V=0’ ¢, K

ASYMMETRIES OTHER THAN A5
CANCELED BY NORMALIZATION
MODES

Sl‘r 51‘7 norm norm
Acp=A,5 — A CP

raw raw

Acp (D — p’v) = +0.056 £ 0.152 % 0.006,
Acp (D° = ¢y) = —0.094 £ 0.066 = 0.001,

Acp (D = K*v) = —0.003 £ 0.020 = 0.000,
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Introduction Mixing
Facilities CPV NO SUMMARY
Spectroscopy Decays

u, d

1968 ISOSPIN VIOLATED PREDICTED BY M. GELL-MANN,

(ENLARGED TO SU(3),, xvor) G. ZWEIG

S

1964 CP VIOLATED NOT PREDICTED

b

2001 LARGE CP VIOLATION PREDICTED BY M. KOBAYASHI,
T. MASKAWA

C

NOT PREDICTED

REMEMBER THE WORDS BY KARIM: ,,CHARM IS THE NEW BEAUTY!"
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Introduction Mixing
Facilities CPV ADDITIONAL MATERIAL
Spectroscopy Decays
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Introduction

METHOD OF STRONG PHASE DIFFERENCE DX /50 DETERM. USING COHERENT
PRODUCTION OF D MESON PAIRS J.LBBYETAL. (CLEO-C COLL.), PRD 82,112006 (2010)

w(3770) (CP= +1)— D, D,;

if D, » CP+ =D, is CP-; (CP-TAGGED) CP = CP(Dl)CP(DZ)(—l)H

if D, »>D° >f;,, =D,isD® (FLAVOR-TAGGED)

# EVTS IN BIN | FOR FLAVOR TAGGED (D°) DECAY:

K; = Ap /]fD(mi. 1‘7’13)|2(177zi(11713 2Py (SAME FORDOWITHmM, <> m.)
v 1
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Introduction

J. LIBBY ET AL. (CLEO-C COLL.), PRD 82,1 12006 (2010)

DALITZ DIST. FOR CP TAGGED (CP+, CP-) DECAYS

# EVTS IN BIN |
FOR CP TAGGED (CP+, CP-) DECAY:
FLAVOR-TAGGED:

;\[ii = h('p:'t(]\’i - 2(.‘,‘\/‘ [X—il\’_i T ]\’_i>

s /|fD m>,m?)[*dm> dm* = ApF,

2 )|| fo(m?, m?%)| cos[Adp(m?, m? )|dm?*.dm?*

o= e [0t

m?3 )| sin[Adp(m?, m*)|dm?> dm?>

1 » 2 2 x Fon D
Si = \/ﬁ ./iljD(NI;. I’Il:)HjD(”l:
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Introduction

Semilept i:KS p03

é 2.5

/

y -

(]

S :
N
FT T rrr [ rrrrrrri T
B I I .IL
W L 4

Absolute bin index b

llll]lllllllllllllllllllll

15 2 25 3
m?2 [GeV</c?]

R. AALJ ET AL. (LHCB CoOLL.),
PRL 122, 231802 (2019)
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Introduction

CPV PARAMETRIZATION

QUANTITY MEASURED BY B FACTORIES

dN(D° — f)
dt

dN(D® - ) |-

BELLE PHYS. WEEK , KEK, OCT 2019



Introduction

CPV PARAMETRIZATION

QUANTITY MEASURED BY LHCB

|

(dN(D°—>f)j [dN(D°—>f)j
dt R
(dN(D°—> f)j (dN(D°—> f)jzAdir Al
dt

/'%{Am f‘ijcosqﬁ xsing= A — A}, ycosg

BELLE PHYS. WEEK , KEK, OCT 2019



Introduction

CPV PARAMETRIZATION

dN(D” — f)) (dN(D° > f)) (,+ 7= [(dN(D"—>f)) (dN(D®— f)
A G A G S |

2dN(D° - f)
dt

AN > 1) o T Pty Tove - 5 [
%dt:ﬂAf‘ e " (L+ ypItdt =|A [ T(1+y;)
0
dN(D” > f)
dt
_ B ) ) B
%‘“ = [|& e t+y,Tt?)dt =|A [ 721+ 2y5)

0

dt = T\Af “e T L+ y Ttydt=|A [ 7@+ y,)
0

~t+

dt = T\Af “e T (t+ y Tt)dt =|A [ 721+ 2y,)
0

(o

!
|
|
|
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Introduction

t-INTEGRATED CPV

F~Ag,' + Cpycosg + Cxsing

AdAn

———TcoSp+Xsing

WHY IN CHARM SISTEM T-INTEGRATED ASYMMETRY (4,2 BESIDE DIRECT RECEIVES
CONTRIB. FROM INDIRECT CPV, WHILE IN B SYSTEM @ B-FACTORIES ONLY DIRECT
CPV CONTRIBUTES?

NO Y TERM BECAUSE Y o« A/ 'NEGLIGIBLE IN By SYSTEM;

X TERM:. IMPORTANT DIFFERENCE IN PRODUCTION OF BE5 AND CC PAIRS.:
FORMER QUANTUM ENTANGLED = NOT t- BUT AtDEPENDENCE OF RATES:

1—|A[]?
14|42
1—[A]?

I . ; Im(A) .
§|Af|2(l +[AP)AeT A [1 + cos (AmAt) — 21 T(llu)z sin (AmAt)]

B P2 g ,-T
R AP+ AR)EP e 1 -

Im(A)
1+ |A|?

cos (AmAt) +

+2 sin (AmAt)] .
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Introduction

t-INTEGRATED CPV

CHARM HADRONS PRODUCED IN FRAGMENTATION, NOT ENTANGLED,
{DEPENDENT RATE,

INTEGRATION OVER At FOR B PAIRS
[0, oo]:

21"
'? + Am?

j e "™ cos(AmAt)d (At) =

PART oc Im (1) VANISHES! J‘e—FIAtI sin(AmAt)d (At) =0

FOR CHARM MESONS INTEGRATION [
OVER [0, ol;

I
%+ Am?
Am
%+ Am?

J' e "™ cos(AmAL)d (At) =
0

Am (~X), DOES NOT VANISH;
= TERM WITH X SIN@g IN Az

PART o Im (1) 1S PROPORTIONAL TO J’e—FIAtI sin(AmAt)d (At) =
0
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Introduction

t-INTEGRATED CPV

SLIGHT DEVIATION OF DATA FROM AFB PREDICITION
OBSERVED IN SEVERAL MEAS'S; AT SMALL 6, ANY
PROBABLY EXP. EFFECT: DEVIATION OF 6.

0= 6.+ 40  FROM 6, CAN ONLY
BE IN DIREVTION

e
)
LARGE 6, (SMALL cOS6..): = OF LARGER
POLAR ANGLE

BELLE PHYS. WEEK , KEK, OCT 2019



Introduction Mixing

CHARM CPV A5
Spectroscopy Decays

Facilities CPV
INTERESTING ASYMMETRIES

SUM RULES FOR A5 S MiLLERETAL,PRL 115, 251802 (2015)
RELATING

1) D° - K*K-, #t7-, i°°7°
2) D* — KOK*, D5 —» KOzt K*aP

(W/ O INCLUDING SU(3)r BREAKING OF PENGUIN
CONTR., UPTO O.3 A-p

OTHER INTERESTING PREDICTIONS

ACP(DO —>KK,) s ~0.07 U Nerste s SchacHT, PRD 92, 054036 (2015)

/ZXCI,:,(D+ —> 7m7) =0 F. BUCCELLA ET AL., PLB 302, 319 (1993)
(UPTO 102 A-p
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Introduction

CPV IN CHARM S —
mi SIGNAL X10 b
A-fD* > 7t°) =0 - .D* > D* 2, - i
0" > A .
D* — D* 0, D* — 7+ ;J H i
A AD* — 7#10)) ~0.2%-0.4% @ 50 AB-" 3

50001

(A-SMD* > 70 =0) rlg

0018 0.2
Q (GeV)

c(A-AD* > KK,)) ~0.25% @50 AB-
SM(D+ - 710 E. Kou, P. URQUIJO EDS., THE BELLE Il PHYSICS BOOK
(’4CP (D — KSKS) 7 A) TO BE PUBLISHED IN PROG. THEOR. EXP. PHYS.

AcpIN SUM RULES
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AVERAGES
RESULTS

Parameter No CPV

No direct CPV
in DCS decays

C PV -allowed

C PV -allowed
95% CL Interval

oBo et
0.62 +0.07
2
8.91 55

0.344 = 0.002

0.63 +0.06
o +8.3
9.3 775

0.344 £+ 0.002

19 +0.10
D43 1010

0.998 #+ 0.008
0.08 +0.31

+22.6
22.1 75574

0.05 =0.16
—0:11 +£0:16

12 +0.10
0.43 7517

0.63 £ 0.06

= +0.96
—0.25 99

0.39 1011
0/651 163
12150,
0.344 + 0.002
~()i55 104
0.969 +0-950
-3.9%4%0
25.8 1358
0.06 +0.16
~0.09 +0.16

[0.16, 0.61]
[0.51, 0.77]
[—10.4, 28.2]
(0.339, 0.348]

(~1.5, 0.4]
[0.89, 1.07]
[-13.2, 5.1]
[—21.3, 70.3]
[—0.25, 0.38]
(—0.40, 0.22]
0.22, 0.63]
[0.50, 0.75]
[—2.5, 1.8]
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AVERAGES
2
X
Observable x2 L gt 0 Babar 18.17
Yop (KTK~,mt7~) World Average 0.35 Y+ - qo Babar 22.08
A World Average 2.07 CLEOc
Belle 0.71 (z/y/Rp/ cosd/ siné) 32.60

L gontn—

Yronto— Belle 4.42 RL /2%t [/ Babar 41.30
/Pl 05+ Belle 0.48 Ry /x'*~ /y'~ Babar 45.32
Preont - Belle 0.53 R} /x'*t /y'T Belle 47.20
zop (K%ntr~) LHCb 0.55 R5;/2'* Jy'~ Belle 40.56

yop (K°nt7~) LHCb 0.06 Rp/a'?/y’ CDF 50.76
Az (K°r*7~) LHCb 0.00 R} /2"t [y'* LHCb 52.05
Ay (K%*7~) LHCb 0.09 Ry, /a"*~ [y'~ LHCb 52.72
T gop+,~ Babar 0.73 Ak /Arr Babar 53.08
Yxon+y- Babar 0.08 Agg/Azr CDF 57.14
o . _ Babar 0.68 Ay — A, LHCb (D*, B’ - D%uX tags) 57.19
Babar 0.19 (o ) PO 1 - (. 60.67

Yrom+ -

(2% + ¥?) et - 0.14

BELLE PHYsS WEEK, KEK, OCT 2019



Decays

DECAYS A. ZUPANC ET AL. (BELLE COLL.), JHEP 09, 139 (2013)

B-FACTORY DO, D*, A,
METHOD p (if 4;)

Nsig(f) / [5 (f) Nsig(Mrec)] = Br(Ds %f)

S

Pull Events /( 0.002 GeV/c?)
N

Pull Events /(0.002 GeV/c?)

o o vwe

3 2 2.05
Mmlss(D Kﬁagxlragl{) (GOVICz)

tag

Pull Events /( 0.002 GeV/c?)
Pull Events /(0.002 GeV/c?)

h o wp

Mmtn(DmK"lﬁxmﬂY) ('GGVICZ) Mmlll(D K'rlgxlng./) (’GQV/C"’)

tag
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Decays

DECAYS A. ZUPANC ET AL. (BELLE COLL.), JHEP 09, 139 (2013)
B-FACTORY DO, D*, A,
METHOD p (if A.)
FOR 7vBESIDE M,, .o ALSO E .., EXPLOITED
/4
(a) electron mode M
-— miss
T=s

—
>
®
o
0
S
o
—
»
—
c
°
>
w
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Decays

D] AGVANES
B-FACTORY METHOD
SEARCH FOR INVISIBLE D DECAYS

e~ (94.3+1.3)-10°

~ 105 N,/¥(1 % 0.015) / AB-1

@ 20 AB' 2:10%(1 + 0.003)

~ o(NgyLcH @ 1 ABT~100

SENSITIVITY TO DECAYS TO INVISIBLE STATES

(IF BKG LIKE IN 7VCASE ?)
~20-100 / 2.-106 ~103
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Decays

SEMILEPTONIC DECAYS DO, D¥, A, (Dygg)

DO K utv C e > T(ifA)
) — et
BELLE: No (Do u*) @ 1 AB' =492 + 26  © -

A. ZUPANC ET AL. (BELLE COLL.), JHEP 09, 139 (2013) C \

o(D7) Br(D" — D) Br(D® — Kuv) EE,

N. (D° = Kuv)~N - <
i “v) o(D.) Br(D, > D.y) Br(D,—» uv) &

(D, - uv) -

sig
v

o(D™) Br(D"— D7) Br(D® — Kuv) EKE,
0.5¢(D,) Br(D, - D.y) Br(D, — uv) o
%K—J%f—/

—_————
~5 ~0.7

- Nsig(Ds —),LlV) - 20N (Ds —),UV)

oD%/ c(D)

R. SEUSTER ET AL.. (BELLE COLL.), PHYS.REV. D73, 032002 (2006)

BELLE II: N (D°— K u*v) @20 AB' ~ 2 -104
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