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GLW vs ADS

- Unfortunately,
DK~
B~ GLW KKK

- The ADS trick: Instead of using a D decay to - GMI_)K/
a CP eigenstate (“GLW” method), use a D B

decay where one decay path is doubly
Cabibbo suppressed to balance the

amplitudes. /DK\

+ CLEO input: |§] = (10735%5°%)° ADS K'mK

o \(\gﬂ )
Phys Rev. D86 (2012) 112001 DK

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett.
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018 Belle Collaboration Phys.Rev. D70 (2004) 072003

A(B-—DK-) = 0.1 A(B-—DK-)
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Model-
uncertainty
would eventually
become limiting
factor in these
measurements
... motivates
model-
iIndependent
approaches.

Dunietz and Soni Phys.Rev.Lett. 78 (1997)
2004) 072003
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CP and flavour tagged D° (CLEO-c/BESIII)

_ Dfiavour = K€~ Ve

L|) 1) \
Dilavour = KsTT*TT-

0 0.5 1 1.5 2 25 3
M2(Kstt+)/GeVv2

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018



CP and flavour tagged D° (CLEO-c/BESIII)

Deps— KK

_ bflavour_’ K+e Ve /

L|) 1) \
Dilavour = KsTT*TT-

0 05 1 1.5 2 25 3 0 05 1 1.5 2 25 3
m2(Ksrt+)/GeVe mM2(Ksrt+)/GeVz2 ?
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CP and flavour tagged D° at CLEO

_ Bflavour_’ K+e Ve /

" —

Diflavour = KsTTHTT

K +
Lk S 3 —
D 25F s DCP—
f:w 2 Lt 2r X 1
4 N .
E sk = s
£ L o
0.5 |- | a
[ CLEO-c, 8]8/pb | ] - OLEO-c, 818/pb |
ol A L N o R
0 1 2 ... 3 % 1 2 3
T+
M2(Kstt+)/GeV2 ) M2(Ksrt+)/GeV?2
CLEO-c: Phys. Rev. D80, 032002 (2009),
updated in Phys.Rev. D82 (2010) 112006
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CP-even fractions, measured with CLEO-c data

- CP-even fraction F. allows to use self-conjugate decays like D—1t+r110, in B-
—DK- like 2-body D decays.

F_|_ NCP—even

NCP—even + NCP—odd

+ =1 for CP-even eigenstates, F. = 0 for CP odd ones.

D(BE = D(fuett—con) KF) o 1+ 1% + 2(2F,i— 1) cos(0p £ 7)

(plus with some corrections for charm mixing)

PLB740. 1 (2015) PLB747.9 (2015)
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CP-even fractions, measured with CLEO-c data

- CP-even fraction F. allows to use self-conjugate decays like D—1t+r110, in B-
—DK- like 2-body D decays.

N — number of events tagged as CP-even

evern -
F. = — number of events tagged as CP-odd

CP—even T NCP—o0dd (assumes equal detection efficiencies)
F. =1 for CP-even eigenstates, F. = 0 for CP odd ones.

D(BE = D(fuett—con) KF) o 1+ 1% + 2(2F,i— 1) cos(0p £ 7)

(plus with some corrections for charm mixing)

PLB740. 1 (2015) PLB747.9 (2015)
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CP-even fractions, measured with CLEO-c data

tagged as CP odd
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CP-even fractions, measured with CLEO-c data
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CP-even fractions, measured with CLEO-c data
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CP-even fractions, measured with CLEO-c data

tagged as CP odd tagged as CP even
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CP-even fractions, measured with CLEO-c data

tagged as CP odd tagged as CP even
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CP-even fractions, measured with CLEO-c data

tagged as CP odd tagged as CP even
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CP-even fractions, measured with CLEO-c data

- Self-tags (i.e. D°—=m+1111° VS 7SI L
D°—rm+ri-nt°) can also be used KT 193 &+ 6.3
(rate «1 — (F+ —1)?) e 33 4 89

K{nO7" 18.6 & 5.2

» Mixed CP tags work as long as CP KEWO 49.2 = 10.9
content is known. It is for example KPw 22.0 = 6.5
for the Dalitz bins of D—Ksmmn and K" 112.8 + 11.0
D— Kyt from the ci, si Kdw 41.0 £+ 6.8
measuremenfcs discussed later. Kn(y7) 18.8 + 4.5
(rate «1 — (F29™ — 1)(F*0 - 1)) Kgn(w+ ) 31+27

Kn 9.3 £ 3.3

KO T 217.9 £ 16.8
KE7T+ - 485.0 £ 26.3
Tttt 41.0 £+ 16.3

PLB747.9 (2015)
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CP-even fractions, measured with CLEO-c data

NCP—even

F—I- —
NCP—even + NCP—odd

I'(BT = D(fselt—con)KT) ox 1+ 1% + 2(2F41 — 1) cos(dp £ )

(plus with some corrections for charm mixing)

Fy (DO )  =0.973 £0.017

PLB740,1 (2015) PLB747.9 (2015)
F (D0 »K*+K—T0®) =0.732 +0.055 |
Fy (DO —>rmmt) = 0.769 + 0.022 JHEP 180142018) J44

Fi (D° »Ksmrmi®) = 0.238 +0.018
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Coherence Factor Analysis of (K- )pK-

i(mﬁk—a

« Treat K3m like two-body decay with ' €
single effective strong phase 6p.

F(B_ — (K+37T)D K_) X r% + ( 53”) - 2RK37T7“B7“§37T : 608(53 + 5K37T — 7)

AD? - Ktr—nta™)
A( DO — Ktn— 7r+7r_) Rkspi is the coherence factor introduced
by Atwood & Soni, PRD68 (2003)
033003
Also interesting in relation to charm
mixing, see
dnp ¢ Bondar, Poluektov, Vorobiev: PRD
82 (2010) 034033,
¢ Malde & Wilkinson PLB701 (2011)
353-356,
e Malde, Thomas & Wilkinson PRD91
n (2015) no.9, 094032,

e Harnew & JR: JHEP 1503 (2015)
169, PLB 728 (2014) 296

e [ HCb: PRL116 (2016) no.24,

241801
« Coherence factor R < 1; e Evans et al: PLB 757 (2016) 520

1 F 0 1 O\ *
o / (o H1D°) (1 11D

o" ¢
a(pl---pn)

. Re %p —

a(pl pn

/ o H11D0) | s |, Bo = / ol I DO 2] e

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003
CLEO-c data: Phys.Rev. D80 (2009) 031105, PLB 731 (2014) 197, Phys.Lett. B757 (2016) 520-527
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/DK\
Coherence Factor Analysis of (K- )oK

I(%BK"

- Treat K3 like two-body decay with 'B €
single effective strong phase op.

I‘(B_ — (K+37T)D K_) X 7“,23 + ( 153”) - 2RK3WTBrg3 008(53 + 5K37T — fy)

A(B™ — ﬁOK—) AD® - KTn—ntn™)

"BEAB S DOK)‘ R AD" = Ktn—mtn) _§’ A)(2= 4,9
5000
Double Tag Rate Sensitive To
K*nFntn— vs. KEnFntn— (Rgs,)?
K*nFrgtn— vs. CP Ry;,cos(0K37)
K*nFntn~ vs. K¥71F Ry; cos(0K7— §K37)

010203040506070809 1

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003 R
CLEO-c data: Phys.Rev. D80 (2009) 031105, PLB 731 (2014) 197, Phys.Lett. B757 (2016) 520-527

K3n
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Coherence Factor Analysis of (K m0)pK -

- \I_)ﬁK—a

| . i(0—)

» Treat K3 like two-body decay with ' €
single effective strong phase op.

I‘(B_ — (K+37T)D K_) X r% + ( 53”) + 2RK37TTBT§3 608(53 + 5K37T — 7)

A(B -~ DK ) A(DO — K+7T_7T+7T_) 4280309-001
"B "D = |77 =0 350 |- 2
A(B~— — D°K~) AD" - Ktn—ntn—) - AX — ,4!9
300 |- 1o
—~ 250 [ 20
g -
Double Tag Rate Sensitive To T 200 |- M 30
K*n¥ntn= vs. KEnFatn— (Rgz,)? OE 150 Y Best Fit
K*nFntrn= vs. CP Ry;,cos(0%37) > 100 [
K*rFrta= vs. Ko Ry; cos(0K7— §K37) 50 [
:lllllllllllllllllllllllllllllllllllllllllllllllll

0
0O 010203040506 0.70809 1
CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003

CLEO-c data: Phys.Rev. D80 (2009) 031105, PLB 731 (2014) 197, Phys.Lett. B757 (2016) 520-527 RKnno
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D° Mixing as input to y from Bx—= DK+

T / DK~

DO Ktnntn- (K-t )pK-

This process is sensitive to the same D-D >

interference effects that pollute this
measurement.

Can use charm mixing to constrain charm amplitude
parameters in y measurements - see previous talk.

PLB728 (2014) 296-302
JHEP 1503 (2015) 169
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LHCb PRL 116/(2016)’0.24, 241801

Charm mixing in D—=Krrrm
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Charm input to y from CLEO-c and LHCb mixing

measurements

Use interference effects in charm as input to y
2
X 15 + (7“5377) + 2R3, BT " - 608(53 + 075" — ’y)

Combination:CLEO-c
and mixing.

I'(B~ — (K*371),K")

K3xn

from D-D .
superpositions Input from charm mixing
(LHCb)
at CLEO-c
3 350F L2 5 300
g 300? Eiiz;l ﬁ 300 AX2= ’4’9
Yo 250" Max*=9 2 250
200" — 200~
150 — 150-
100- 100"
50~ 50
% 0.10.20.30.4050.60.7 0.8 og 1 k“() 10203040506070.80.9 1
RKSJ‘:

Phys.Lett. B757 (2016) 520-527

|
00 010203040506070809 1
R

K3n

PRL 116 (2016) no.24, 241801

Phys.Lett. B757 (2016) 520-527

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003
CLEO-c input: Phys.Rev.D80:031105,2009, update
mixing/gamma theory: JHEP 1503 (2015) 169 Phys.Lett. B728 (2014) 296-302
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Input from the charm threshold for D°—KsKr
CLEO-c Phys.Rev. D85 092016 (2012)

 Similar input as for
Ksrrt, KsKK, different
nomenclature:
10
M 2o
3o

-150 % BestFit

SR TR PSR AR
04 05 06 0.7

 Typically measured in

one single bin across

Dalitz space, but Dalitz plot shows CF decay

ana|yses with several for illustration. Sensitivity to i

bins (where statistics mixing comes from the 501

allow) could increase DCS decay, and CLEO-C’s of

sensitivity. sensitivity to Rp, 6p from 50 .
well-defined superpositions 100~ W 20
of D° and D°bar accessible| .50 ® 3%

at the charm threshold 06 08
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Input from the charm threshold for D°—KsKr
CLEO-c Phys.Rev. D85 092016 (2012)

 Similar input as for
Kstirt, KskK, different
nomenclature:

10
M 20
Ms3o

% BestFit

- Typically measured in

one single bin across

Dalitz space, but Dalitz plot shows CF decay

ana|y3e3 with several for illustration. Sensitivity to i

bins (where statistics mixing comes from the 501

allow) could increase DCS decay, and CLEO-C’s of

sensitivity. sensitivity to Rp, 6p from 50 .
well-defined superpositions 100~ W 20
of D° and D°bar accessible| .50 ® 3%

at the charm threshold 06 08
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Winning by binning

—~ 3r .

5 b B

o i

g/2.5 . g

N, of 6 <

= 4 E
1.5 i as
B 4
1 3
0.5 2
Y T B T . I

m?(Kor™)

Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).
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Model independent, binned v fit

Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

- Binned decay rate:

4 4+, _— )\ __
F<B — D(K,m7n)K )i_ 7; known from flavour-

Ti+ 157 +2rg\/TT i {cicos (§ ) + sisin (§ £+)} specifc D decays

(weighted) average of cos(dp) and sin(6p) over bin i, where &p = phase difference between D—=Ksnm
and Dbar—Ksrr

)
T

Binning such that such that ¢i = c.j, si = -S.i

IBin numberl

Note: F_|_ = % (1 -+ 201\/7—17—_1) 'j-:

Re™P = ¢; + is;

Distribution sensitive to cj, sj, rs, 0 and y. 1_

Ci, Si, measured at charm threshold.
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Optimal binning

Sensitivity proportional to ~ \/022 + 322 Binning at CLEO-c based on BaBar

model”
3_
- Best y sensitivity if phase difference 6pis
as constant as possible over each binlll. % 2.5 B
= T =
X =
- Plot shows CLEO-c’s 8 bins, uniform in :ié« : =
. 1.5
op, (based on BaBar isobar model*). E
-
» Choice of model will not bias result, but o5k
a bad model would reduce the statistical :
precision_ 00‘ - ‘0.‘5‘ - “‘I‘ - ‘1.‘5‘ - ‘2“ - ‘2.‘5‘ - ‘3
M2(Kstt+)/GeV?
&p=180° &p=0°
[1] Bondar, Poluektov hep-ph/0703267v1 (2007) *model = BaBar PRL 95 (2005) 121802
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CP-even K it = CP-odd Ksrirt

K% = (K°+ K% /V2
K% = (K°— K% /V2.

0 _ 0 I
~A(D? - Kirtr™) =A(D? — Kent7m™) —v2A (D? — Kf,on 7))
CF+DCS DCS
« Charm threshold’s clean environment A R
allows the reconstruction of K. from Zf [ CLEO-c preliminary,
kinematic constraints. g . K+ 70'fagy
§ 800 [~
o g | Overlaying Data
« More than doubles statistics. & 600 |- (black) and MC
[ (red) for missing M2
. _ “r in KL reconstruction
- There is price to pay: A O(tan20¢) [ in Kurtmr- vs K-Tr1i0
model-dependent correction. Carefully !
evaluated (small) systematic :
. 0.1 0.2 03 04 05
uncertainty.

(GeV?/c?
arXiv:0903.1681v]1 fﬂep ex]
Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018 21
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Table of tags

Mode DT
Klrtn™ Kdntn— .

Flavor tags

K7t 1444 2857
K-ntn0 2759 5133
K-ntatrn™ 2240 4100
K ety 1191

C P-even tags

KtK~ 124 357
mto~ 61 184
Kgnrowo 56

K970 237

K%n(’q) )

Kin(rm~7") .
K (S/B between 10 and 100, depending on tag mode).
Kgn’

CP-odd tags

K{rY 189 288
Kgn(v7) 39 43
Kn(rtr—n0)

Kiw 83

K/

K%ﬂ'oﬂ'o

Kt~ 473 1201
K27T+7T_

KIKYK~
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Table of tags

Mode DT
Kg7r+7r* KEWJFW’ .
Flavor tags
K-t : 1444 2857 CP tagS:
K—ntn0 2759 5133
K ntntn™ 2240 4100
K etv 1191 ~ ~ ~
CP-even tags 2|Acr|?2 = |A = A2 = |A]2 + |A]2 + |Al|Alcosd
KYK~ 124 357
I o 61 184 .
K9nO70 :
s sensitive 1o Ci
K9n(yv)
Kyn(rtn—nP) i
Kb (S/B between 10 and 100, depending on tag mode).
K9
C'P-odd tags
K9rY 189 288
Kgn(v7) 39 43
Kn(rtr—n0)
Kdw 83
K/
K%ﬂ'oﬂ'o
Kt~ 473 1201
K27T+7T_
KIKYK~
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Table of tags

Mode DT
Kg7r+7r* Kgﬂﬂf .

Flavor tags
K—nt " 1444 2857 CP tags:
K—rtn0 2759 5133
Krntatn™ 2240 4100
K ety 1191 N N N
C P-even tags 2|ACP|2 — |A i A|2 — |IA\|2 + |IA\|2 i |A||A|0086
KtK- 124 357
I o 61 184 o

0,00
= sensitive 1o C;

L
K9n(vy)
Kgﬂ(ﬁ+ﬁ_ﬁo)
ng
K
C'P-odd tags
ngo 189 288
Kdn(vy) 39 43

g( " Ksttrt vs Ks LTt also sensitive to si.

Kortn 473 1201 ngﬂ'—i_ﬂ'_ K27r+7r

K27T+7T_ il

KKK~ ng+7r_ 473 1201

~
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Ingredients of combined fit

Kg it T VS. K(S’ ot Kg nt T VS. Kg ot

=
—————
- -
- -

>
-
-
- -
- -
- .-
- -

-

1
.
_____ P 1
----- . 1
______ . .
= ’
1
.
F 74 w
F » ¥

CP tags vs. K_ " CP tags vs. K n*

800 900

relationship between (ci, ci’), (si, si’)

Notation: c;, s; from KstrmT. ¢, si’ from Kimim. Aci=ci-¢i’, Asi=si-s;’

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018



Ksrtrt ¢i, si at CLEO-c

1.5

Binning at based on BaBar model*

423081 0-001
3.0

1.0
N
3 25 2.5
©)
>~
|
% 20 0
T %)
Al
-
15 -).5
1.0 o
i -1.5
0.5
i TS BP RS BT

05 1.0 15 20 25 3.0

m2(Kstt+)/GeVe?

(d)
— Statstical
B Total
l l‘ lllnrhll Fxrlwotalﬂnn | o
-1.0 -0.5 0 C.5 1.0 1.8
Ci
Phys.Rev. D82 (2010) 112006

*model = BaBar PRL 95 (2005) 121802
[1] Bondar, Poluektov hep-ph/0703267v1 (2007)
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KsKK ci, si at CLEO-c

15}
C N C
Binning at based on BaBar model” : ©)
- 1.0
= -
L 18 (c) L E I
> = i
8 1.7 c 0.5 —
= m B
E 16 - i
< 3 °F
C\é 1.5E ~i
1.4 S
131 2
- 1.0 |-
1.2 | | —— Statistical
11F 1 15[ Total
- i *  Model Expectation
10, 1 . I A B A AN A A I B A
10 11 12 13 14 15 16 1.7 1.8 -1.0 -0.5 0 C 0.5 1.0 1.5
m2(KsT+)/GeV? |
“model = PRL 105, 121801 (2010) Phys.Rev. D82 (2010) 112006

[1] Bondar, Poluektov hep-ph/0703267v1 (2007)
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CLEO-c binned s;, ¢i used for:

* y with B=x—=(Ksmirt)oK (also:

B+ (KsKK)oK)

LHCb: JHEP 10 (2014) 097

LHCDb: Phys. Lett. B718 (2012) 43

BELLE: arXiv:1106.4046 (2011)

m2 [GeV?/ 4

« Charm mixing (x, y) in D°—Ksrtrt

LHCb: JHEP 1604 (2016) 033

x=(—0.86+0.53+0.17)x10
y=(+0.03+0.46+0.13)x 10

* sin(2p) in B°=>DO(m®, n, n’, w),

D—Ksrirt

BELLE: PRD94 (2016) no.5, 052004

Jonas Rademacker (University of Bristol)

LHCb preliminary |

m2 [GeV?/ ¢#]

LHCb preliminary |

m2 [GeV?/ 4]

7)) [GeV?/c4

O
S

mZ(K

CLEO-c input:: Phys. Rev. D 82 112006.

Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

mX(K'r,) [GeVc4)

Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)
BELLE’s first model-independent y measurement: PRD 85 (2012) 112014

Quantum correlated measurements at CLEO
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vV with 4-body decays
- All charged final states good for /DK\

LHCb -

L
\ (K'Ka'm), K
 Simulation studies indicate 4_body I(CS—’YPK JR and G. Wilkinson Phys. Lett. B 647 (2007) 400-405
amplitude analyses could add 'B € DK=
significantly to y sensitivity at / \
LHCDb. So far they enter only (mtﬂ:ﬂ:)DK

phase-space integrated.
e! i(0— X DK -

* Tricky... “Dalitz Plot” becomes 5-

dimensional, phase space not flat, /D K-
spin factors more complicated,

good models even further away... (K+7T_7T+7T )DK_

( D . o Phye Hew. D66 (2008 033008
r B e Atwood, Dunietz and Soni (ADS), Phys.Rev.Lett. 78 (1997) 3257-3260
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Winning by binning in 2 dimensions...

I/\ 3 : I/\ 3.0 - 3130870021
S =
own ,51 oWn
< <
N[ o
S S
1.5
1
05
I T B -
2 0
m?*(Kgr™) m2(Ko7rT)

Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).
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Winning by binning in 5 dimensions...

Binning based on phase difference between D°
and D° amplitudes going to same point in phase
space, like optimised binning for Ks, .
This approach requires a model.

Examples of 2-D slices through 5-D phase space
based on D=1t amplitude model in JHEP 1705@)4,3.

— —_ 1 — —r .
Z S ol T O
= 1400 5 % s - S §
& 1200 | i 0.7 Y B e -
1000 - 0.6 : 2f : e
-3 0.5 bR 1.5} - = -
800 3 $ 04 R i %
. I - 03 N 1} 7 A
600 E: 02 = 95 = : g: 05k
400 il | I1 0.1k = I1 - I1
P I s 0 = (e
500 1000 1500 500 1000 1500 0 02 04 06 08 1
m,' [MeV] m,' [MeV] cos(0)

“The full binning schemes used in this paper are provided in both ASCII and Root format as supplementary material.”
Communicating the binning “cleanly” (not via model) is key to its practical usability

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018 29


http://inspirehep.net/record/1519168?ln=en
http://inspirehep.net/record/1622744?ln=en

Winning by binning in 5 dimensions...

D°—= Ksm11+11° Cj, S
No amplitude model = binning around resonances:

=0k HE E =70 f
D - i D -
= f @ ] = | (®)
Z60[- E S 60| E
z 1 > F
§50} 3 E501 ]
=t ] 2 F
40 E 40F E
30 E 30/ E
20f- & 20f- .
10} = 100 E
Al \,..n.mn-'!. Ll e L H i nd. ]
85607 08 05T 11 303 14 86 07 08 05 T a1 12 13 14 15 216
M, o o (GeV/c?) . (GeV/cY)
< F s <
$ r ;16; .
S 30 , o 16
="t (c) = @
= r 3145 ]
EZSj ] E r
= [ Ele -
2 50l 2 100
=20 * =10 -
150 . 8- .
E 6f ]
10 ] r H H ]
- 4 ]
s b F B
E L m m H m P | 1 1 T oo i A il i
850304 05 06 07 0% 09 T 1112 86 07 08 09 1T 1112 13 14 15 }6
M.. . (GeV/c?) o (GeV/ch)
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Results for 4-body c;, si

D=+

(measurements x and model expectation )

0-55' C@ 4@ 3
of )
| @ 9

<t .~
95

D°— Ksrr-1+11°
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Blnned Bi_’DKi’ D_’KS.I_[ JHEP 1503 (2015) 169

Projected precision on y from Bx— DK<, D—K3rt for LHCb run Il
statistics, different charm input scenarios, model-informed binning.

o

L|)(377O) o s

< 5 2 g2

" O < g 27
D mixin = 5 5 g|o)
- ng T¢ & SE| p
0 B I Y G505 0A 0500705657 run | oy 10
NI run Il Y H g 12

- OSSOSO | = .5
| _ BoDK upgr O 3| 7.8
DK run I e S R
B~  (Kmnfn)pK- rn Il Y @ S| 8.6
i(6—y)DK— upgr M | 4.1

'e €

Uses “made-up” amplitude model for feasibility study. Not necessary anymore: LHCb arXiv:1712.09320 (2018) provides

amplitude model needed for optimal binning.
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Conclusion

« Many ways to exploit quantum correlations - many
only realised recently

« “Classic” c¢i si with Ksttrt, 2-3 x stats with KLt
Do the same with Ks KK

. ey G e 0 Gpgn, W ——
AP P e TR e

- Many new measurements (latest results from 2018)
* 4-body modes KK, ruririrt, K

(binned ci + i si= Ri e % and phase-space
integrated)

* F. in miromm, oo, KKme
- Combination with mixing.

« Complexities include communicating results,
conventions, binning schemes etc between
different groups (... although we might not need
bins).
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CP-even K11 = CP odd KstrmT

"oyt

"_n

unfortunately only “=", not quite

K§=(K°+ K°)/V2
K? = (K° — K% /2.

—A (DO — KL’ZT 0 ) = A (DO — KS7T T ) \fA( flavour
CF+DCS DCS

e Using Kymmt significantly enhances statistics.

W+W_)

e However, need a correction O(tan20¢). Model dependence
enters as an uncertainty on something that is in itself a
small-ish correction.

e Notation: ¢, si from Ksmtmt. ¢, si’ from Ky,

ACiECi—Ci' p ASiESi—Si'

Jonas Rademacker (University of Bristol) for CLEO-c; CKM 2008, Roma 35



CP-even K 11T = CP-odd Kst1T

e Acfrom0.1-0.4,
Osys(Aci) from 0.06 — 0.19

e |As;lfrom 0.02-0.13,
Osys(Asi) from 0.07 to 0.14

e Plot compares estimated
Aci with separate
measurements in CP-
tagged Ksmtrr, and Krmtmt
events.

0.8

0.6

0.4

0.2

-0.2

0.4}

= Measured diff.
= Calc.

il

{

0 1 2 3 4 5 6 7 8 9

bin number

red: model predictions
black: CPtagged data

Jonas Rademacker (University of Bristol) for CLEO-c; CKM 2008, Roma 36




Ingredients of combined fit

KOS it T VS. K°S ot Kg nt T VS. K(L) i

CP tags vs. K_ " CP tags vs. K n*

relationship between (ci, ci’), (si, si’)

Notation: c;, s; from KstrmT. ¢, si’ from Kirimr. Aci=ci-ci’, Asi=si-s;’

Jonas Rademacker (University of Bristol) for CLEO-c; CKM 2008, Roma 37



(cos(AB))

o
)]

-0.5

¢, CLEO-c preliminary, 818/pb

The Result

s, CLEO- preliminary, 818/pb

—
T

¢ ; mK. T ¢

BKsTITT: G

=
T T

BKSTTTT: s
E m K 1T si'

(sin(AS))

o
(3]

oy
e
-
=
o
a1 o
T T
i
!
ey
%,
=
Sy

||||I||||I||||I||||I||||I||||I||||I||||I |||||||| Il|||I||||I||||I||||I||||I||||I||||I||||
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
bin number bin number

Results of combined fit in terms of ¢;, s;
in Ksmtrt and ¢, si’ in Ky,

Each series of results (black /red)
contains full information from both
Ksntt and Krtt data, related by Ac;,

Jonas Rademacker (University of Bristol) for CLEO-c;

Fit errors (include
Ostatistical @ €IrTOrs on
Ac;, As;i constraints):
ci: 0.04-0.11

¢i’: 0.04-0.14

si: 0.15-0.23

si’: 0.16-0.23

Systematic errors:
ci: 0.02-0.06
¢i': 0.02-0.07
si: 0.04-0.10
si': 0.06-0.10

CKM 2008, Roma 38



CLEO-c results

e 818/fb at CLEO-c

o 20k D°—=Ksrmtm-

flavour tagged events

e 1.6 k(CP-tagged

D°—Kg - events

(for ¢j extraction)

e 1.7k Kpsmtmt vs Ksmtmt

| — statstical

~  —— Total
*  Modal Fxpactation
l 1 1 1 1 l 1 1 1 l 1 1
-1.0 -0.5 0 C.5 1.0
Ci
Rev. D82 (2010) 112

(for ¢; and s; extraction) e
e S/B between 10 and 100,
depending on tag mode. Ph

Jonas Rademacker (University of Bristol)

Quantum correlated measurements at CLEO
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More Kyt than Ksrirt

Table of yields

— 0 -+ -— 0+ —
fMode DT yields KS mom KL T
Kyrtn~ KYrtn| KIKTK- KIKYK~
Flavor tags . § FlaVOI' tags
K-nt 1444 2857 168 302 4
K—ntn0 2759 5133 330 585 -
K-ntatr™ 2240 4100 248 287 K n 1444 2857
e K-ntnY 2759 5133
-even tags
KtK~ 124 357 12 32
o o s 1 K ntata— 2240 4100
ST(' T
Neter———— K~ ety 1191
K)n(rta=70) 1
Kj i C'P-even tags
Kin 1

C'P-odd t _
ngg " 189 288 18 43 K +K 124

K2n(yy) 39 43 4 6 + .

Kn(nta—n) 2 1 T T0 6 ]_
Klw 83 14 10 0.0_0

K/ 3 4

KO07070 5 KS/]T 70 56
Kintr™ 473 1201 56 126

KOr+n~ 140 K 27’(’ 0 237
KIKYK~ 4 9 ~

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018



Table of tags

Mode

DT yields

drta” K{rtr~ KIKTK™ KYKTK™

Flavor tags

K-nt 1444 2857 168 302

K—ntn® 2759 5133 330 585

K rntntn 2240 4100 248 287

K etv 1191 100

C'P-even tags CP tags:

KTK~ 124 357 12 32

ntw 61 184 4 13

K9mO7Y 56 7 14 —
K 287 17 2|Acr2 = |A £ AR = |AR2 + |A]2 + |A||Alcoss
KPn(yv) 4

Kg77(71‘+77_770) 1

KYw 4

Kpn' 1 iy |
sensitive 10 G
Kom 189 288 18 43

Ksn(w) 39 43 4 6

Kn(rta=7) 2 1

ng 83 14 10

Ko/ 3 4

K27T07T0 )

Kt~ 473 1201 56 126

Krtn~ 140

KIKYK~ 4 9

Jonas Rademacker (University of Bristol)
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Table of yields

Mode DT yields
Kdrtn~ KYrtn~ KYKTK- KYKYK-

Flavor tags

K-nt 1444 2857 168 302

K~ntq0 2759 5133 330 585 : ' : t o

K ntatn— 2240 4100 248 287 y|e|d8 |n KS]_[]_[ VS KS]_[]_[ blns |,J

K= ety 1191 100

C P-even tags

K+K- : 124 357 12 2 Mij = heon(K;K_j + K K; — 2\/KiK—jK—in(Cicj + 5i55))

I 61 184 4 13

K9m0z 56 7 14

K9r0 237 17

Kn(vy) 1

K)n(r T~ n0) 1

ng 4

K% 1

C P-odd tags

Kon? 189 288 18 43

K2%n(vy) 39 43 4 6 ' oo

K ) : crucial for sensitivity to s

Kiw 83 14 10

K/ 3 4

K9 7070 5 0O+, -— 0+
(Kgrtr 473 1201 ) 56 126 KST‘- n KLW n

Ky 140

KUK K- 1 0 - 473 1201

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018 42



D° Mixing as input to y from Bx—= DK+

T / DK~

DO Ktnntn- (K-t )pK-

This process is sensitive to the same D-D >

interference effects that pollute this
measurement.

Can use charm mixing to constrain charm amplitude
parameters in y measurements - see previous talk.

PLB728 (2014) 296-302
JHEP 1503 (2015) 169
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Winning with binning & threshold + mixing
combination, B=—DK=, D—=Ka3rm.

JHEP 1503 (2015) 169

Projected precision on y from Bx—DK=, D—K3rt for LHCb run |l
statistics, different charm input scenarios, model-informed binning.

D mixing (binned)

alone

Y
Uses “made-up” amplitude model for feasibility study. Not necessary anymore: LHCDb arXiv:
1/712.09320#(2018)provides amplitude model needed for optimal binning.
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Winning with binning & threshold + mixing
combination, B=—DK=, D—=Ka3rm.

JHEP 1503 (2015) 169

Projected precision on y from Bx—DK=, D—K3rt for LHCb run |l
statistics, different charm input scenarios, model-informed binning.

D mixing (binned) BES III binned

alone alone

+47
Y 75_31

68%

e

0. LN /0 : LN L
-100 0 100 200

0% Y
Uses “made-up” am@odel for feasibility study. Not necessary anymore: LHCb arXiv:

1712.09320¢(2018)%provides amplitude model needed for optimal binning.
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Winning with binning & threshold + mixing
combination, B=—DK=, D—=Ka3rm.

JHEP 1503 (2015) 169

Projected precision on y from Bx—DK=, D—K3rt for LHCb run |l
statistics, different charm input scenarios, model-informed binning.

D mixing (binned) BES IIT binned D mixing (binned) with
alone alone BES III binned
I 9
Y2750 . 0.8 =598,
o
 0-6f
1 7 aal &
68% ;o 04 68% :
] 0.2F / .
VI e
%0 0 100 200 "100 0 100 200
% Y

1712.09320¢(2018)%provides amplitude model needed for optimal binning.
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Blnned Bi_’DKi’ D_’KS.I_[ JHEP 1503 (2015) 169

Projected precision on y from Bx— DK<, D—K3rt for LHCb run Il
statistics, different charm input scenarios, model-informed binning.

D mixing (binned) with N E
. - o) Q
BES III binned <o 5 I g .9
QF 5 £%|ol
T o o & 5
1 ] = % N T F °]
; v =59.8"° ]
. 08} M run I o 16
S run [T Y E = 12
— 0.6 N
. upgr O 3| 78
6_0'45' 68% run [ E = 12
0.2f J /'_ run Il Y @ S| 8.6
T — A5 4
%0 0 100 200 uper = *
Y
Uses “made-up” amplitude model for feasibility study. Not necessary anymore: LHCb arXiv:
1712.09320 (2018) provides amplitude model needed for optimal binning.
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technique & 2011 data: Phys. Lett. B726 (2013) 151
| HCDb’s Yy combination 2013 2012 data: LHCb-CONF_2013-006)

World averages by CKM Fitter
* LHCb combines inputs from 15

Bi—>(hh’)DK“—“
(KST[T[)DK+
(KsKK)
(

I+

I+

... and CLEO-c input for =
D—Ksrirt, D= KsKK, D—Krnmm

£
0 I i Ay ‘ ool.m':'cc.;a}-t.;’ B
) ReSUH:: /y — (67.2 :l: 12) .-L 1“:‘r:l. L1 \‘ 1 PRI S T A 1 :”:J.“:-’J;J):
! '?l .0 0.5 0.0 0.5 1.0 1.5 2.0
WA 2012 I

v = 68° + 12°
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technique & 2011 data: Phys. Lett. B726 (2013) 151

| HCDb’s Yy combination 2013 2012 data: LHCb-CONF_2013-006)
LHCb hi . " World averages by CKM Fitter

’ combines Inputs from LRI T SR ————
Bi_’(hh,)DKi  [mioedanc ho S 05 {52.

B+— (Ksmmm)pK+ | |
B=— (KsKK)pK+* 1
B+— (Knrirt)pK=
... and CLEO-c input for = i
D—Ksmit, D= KsKK, D= K -

Ja— e
*Result: 7y = (67.2 +12)° N R . ot
WA 2012 P

o o LHCb2013
¥ = 68" =12 y=67+12°

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018 46


http://inspirehep.net/record/1232503?ln=en
https://cds.cern.ch/record/1537409?ln=en

technique & 2011 data: Phys. Lett. B726 (2013) 151

LHCb,S Y Combination 20‘] 3 2012 data: LHCb-CONF_2013-006)

- LHCb combines inputs from
B+—(hh’)pK=

B=— (Ksrtrt)pK=
B+ — (KsKK)pK*
B+— (Knrirt)pK=

... and CLEO-c input for
D—Ksrirt, D= KsKK, D—Krnmm

*Result: v = (67.2 +12)”

WA 2012

o o LHCb2013
¥ = 68" =12 y=67+12°

World averages by CKM Fitter

15, v 00 1 TN I S A
T [zwiood 17 o5 e
¥ o /
1.0 Ve /
sin2p |
0.5
Amd
aK .
= 0.0 3
. g
L 4
0.5
. I //// “““g 8 -
1.0 [ 1]
' “[ col. wzee P <C
. PCF 12 Cord, Wl 05095
L 1 [ L1 i a by ]
1.5 = 1
-1.0 0.5 0.0 0.5 1.0 1.5 2.0
P
WA 2013

0+8.0°
Y = 68 +85°
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LHCb—CONI{—Zm 73004

JHEP 1612 (2016) 087

A3 7

LHCb’s y combination 2016 and 2017

World averages by CKM Fitter
« LHCb combines inputs from

B=—(KK)pK=, Bx—(rtrt)pK=, B=— (Kr)pK*
B=— (Ksmi)pK+, B=— (KsKK)pK+

B+— (KsKm)pKz, Bx—(Kn®)pKx,

B+ — (Knrt)pKe, Bx— (rirtrm)pK=
B+—Drmt, Bt—= DK+t

Bo—DK*, BO—DKn

Bs—D¥K+

* ... and CLEO-c input for =
D—-Ksrmrt, D= KsKK, D= KsKrm, D—Knr®, D= K,
D—rrnmn

* ... and LHCb mixing in DK

. Yy I g

L +5.1\o E e
* Result: 7Y — (76-8 _5_7) % Bk Elyost
LA 11 I N B A L Ll L
1'{'1.0 05 0.0 0.5 1.0 1.5 2.0
P
. 0 o LHCb 2013 . 0+8.0° | LHCb 2016
V= 68" = 12 y=67+12° V= 68 —8.5°%| y=72°+7°
WA 2012 WA 2013 WA 2016
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LHCb—CONI{'—Zm 73004

JHEP 1612 (2016) 087

A3 7

LHCb’s y combination 2016 and 2017

World averages by CKM Fitter
« LHCb combines inputs from

B (KK)oKe, B2 (rok, Be— (KoK= i em—n—— O AR
Bx— (Kstim)pKz, B — (KsKK)pK+ | v 3 -
B+— (KsKm)pK+, B+— (Knm®)oK+, an |

B=— (Knm)pK#, B=— (i) pK+ k
B+—Drmt, Bt—= DK+t L N
Bo—DK*, BO—=DKn 05 — i
Bs—D¥K= r
- ... and CLEO-c input for = 00 E‘ ‘:
D—-Ksrmrt, D= KsKK, D= KsKrm, D—Knr®, D= K, C i
D—-mnnn " ]
05 B
* ... and LHCb mixing in D—Krmrm L il
L | i (o
-1.0 Y | K
+5.1\o0  C A | i .
+Result: ¥ = (76.8 72°) : Acmaic -
-1.5 L /\ | o ! 'O B R | L1 1 L
1.0 0.5 0.0 0.5 1.0 15 2.0

P
_ £QO o LHCb 2013 _ ~00+8.0° LHCb 2016 o+5.4°
WA 2012 WA 2013 WA 2016
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LHCb—CONI{'—Zm 73004

JHEP 1612 (2016) 087

A3 7

LHCb’s y combination 2016 and 2017

World averages by CKM Fitter
« LHCb combines inputs from

B+~ (KK)oK=, B (mroKe, B (KoK= S m—" ) L A0 AN
B+— (Ksttrm)pK=, B+— (KsKK)pK+ | 2;"
B+— (KsKm)pK, B=— (Knr)pKz, 10 |

B+ — (Knrt)pKe, Bx— (rirtrm)pK=

IIIIITIT1I¥1|Y

B+—Drmt, Bt—= DK+t
B0—DK*, BO—=DKn 0.5
Bs—D¥K=
- ... and CLEO-c input for = 00—
D—-Ksrmrt, D= KsKK, D= KsKrm, D—Knr®, D= K, C
D—rrnmn -
05 —
* ... and LHCb mixing in DK [
- Result: ¥ = (76.8 727) == b A
. —_11 | 4 1i ! Ll [ I | P
"51 0 05 0.0 0.5 2.0
P
— £QO o LHCb 2013 __ 00+8.0° LHCb 2016 0+5.4° LHCb 2017
’)/ — 68 :I: 12 V:67i120 ’y — 68 —8.5° V=72017O 72 —5F.80 = (7681_?%)0
WA 2012 WA 2013 WA 2016
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M-+ BINNing

e Jo describe a point in the m+m+mm- phase space we

use: 1t
1234

P = (m/12> mé47 cos 012, cos O34, ¢)

Transformation ensures \ f R
the phase space has

. Helicity angle of Angle between
rectangular boundaries the ij pair the decay planes
of 12 and 34
3 \go
S » My = miz + 0
mg4 — Mms3q +0
Mimin -1 Mmin 0 = min{mi2, M34} — Mmin

Mmin
48



M-+ BINNing

e This set of variables also has nice transformation properties
under C and P

P = (m/127 mézp COS 6)127 COS 9347 ¢)

C :p = (m}y, myy, — cosbia, — cosbzy, +¢)
P:p

= (Mg, My, + 08 012, + oS O34, — )

« This means the binning only has to be defined in ¢ > 0 then
can be reflected to get the remaining bins

49



Exploiting the full 5-D phase space of 4-body D
decays.

« Our studies indicate that 4- /DK\

body have excellent - 4+ -
sensitivity to y. (K K n'm )DK
/ J. Rademacker and G. Wilkinson
I ( 5 ’YPK Phys. Lett. B 647 (2007) 400-405

- Challenging: 'B €

2-dimensional Dalitz plot — /DK\

5-dimensional phase space (nmm)DK

|(5 NDK/
/D K-

(K+7t ) pK-
Phys. Lett. B 647 (2007) 400-405 ,
Phys. Rev. D 80, 031105 (2009) | (5 /7) D K

arXiv:1201.5716 [hep-ex] (submitted to PRD) r B e Atwood, Dunietz and Soni (ADS),

« Next slides: a few first steps

Phys.Rev.Lett. 78 (1997) 3257-3260
Atwood, Soni: Phys.Rev. D68 (2003) 033003
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The parameters of the Charm System

* D mesons oscillate: D°—D°—...

- D mass eigenstates: D12=p|D) iC{|5>

Am
N T ~mixing frequency —
A
- y= —= ~lifetime difference

 CP-violation if |p/g|#1 or CPV phase
$=0

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO

b HFAG- v =
§ 1.2 (CPV allowed

o
E | I
02 no mix 5
r g30
04, %0
L R e p | S olia 50
'o'-oo.s -04-02 0 02 04 06 0B 1 12
x (%)
3
<
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Winning by binning...

T R
S =
own ,51 oWn
< <
N[ o
S S
1.5
1
05
T KRN BRI
2 0
m?*(Kgr™) m2(Ko7rT)

Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018

—_— N W B~ U N X

Plot from JHEP 10 (2014) 097

IBin numberl
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https://inspirehep.net/record/1310654?ln=en
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D=1+ Model

Decay channel R(a;) S(ay) F; (%)
D° — 7~ [a1(1260)" — =t p(770)°] 100.00 (fixed) 0.00 (fixed) 381+234+32+1.7
D% — 7~ [a1(1260)T — 7t o] 56.46 & 13.85 4 14.49 167.87 £14.51+19.38  102+1.4+214+25
DO — 1t a1(1260)_ 0.218 £ 0.028 £ 0.036 0.180 £ 0.024 £ 0.017 -
D° — 7t [a1(1260)~ — 7~ p(770)°] - - 31+£06+05+0.9
DY — 7T [a1(1260)” — 7~ 0] - - 0.8+0.2+0.1+0.4
DY — 7~ [7(1300)* — 7t o] —15.11 £ 3.08 +9.44 19.80 + 3.54 4 5.90 6.8+09+1.5+3.1
D% — 7t [7(1300)~ — 7~ o] —6.48 £2.39 + 6.08 15.19 + 2.62 & 7.52 3.0+£0.6+2.0+2.0
DY — 7~ [a1(1640)T[D] — «t p(770)°]  —125.40 £20.59 £28.50  —10.89 £ 15.07 & 13.75 42+064+09+1.8
D% — 7~ [a1(1640) — 7t o] 77.57 £21.59 £ 31.24 —94.98 £ 21.12 4 34.54 244+07+1.1+1.3
D% — 7~ [m2(1670)F — 7r+ f2(1270)] —49.93 £42.23 £ 77.44  348.39 £ 40.95 £ 42.87 2.7+0.6+0.7+£0.9
D% — 7~ [m2(1670)* * o] —51.35+22.21 £15.18  —209.98 £22.21 +41.58 3.5+ 0.6+ 0.84+0.9

DO = & f,(1370)

D° — o p(770)°

DO[S] — p(770)° p(770)°
DO[P] — p(770)° p(770)°
DO[D] — p(770)° p(770)°

27.71 £6.81 £19.04
41.99 +4.19 £ 4.42
2.37+£1.24+2.00
—251+1.33+£1.46
—33.99 £3.34 £5.11
—34.47 £ 21.71 £ 22.46

71.93 £6.41 +£17.44
—25.42 + 3.62 £6.53
8.89 £1.35+£1.83
—20.80 £ 1.48 £ 3.67
—7.64+2.62+£4.77
—172.87£21.71 £27.01

212+18+42+52
6.6+1.0£1.24+3.0
244+£07£1.14£1.0
7.0£05£1.6+0.3
82+10+£1.7+£3.5
21+05x£03%£2.3

Sum

122.0+4.0+64+7.6
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First model-independent y measurement (BELLE 2011)

— 3 y — 3 E
Flavour-tagged o | o |
- 2 25 . 325
D—Ksrirt Dalitz S ey
plot T2 ¥ E 2
czm 5
T 15 E15
1 1
H"'h. 0.5 B LRI 0.5 5
05 1 15 2 25 3 05 1 15 2 25 3
mﬂ(K‘;ﬂ (GeV?/c?) mﬁ(ng) (GeV?/c?)

y = (77.34350 £ 406 4.3)° 100;
rg = 0.145 + 0.030 = 0.011 £ 0.011

op = (129.9+15.0£3.9+4.7)°,

©
o

Number of events
NS (o))
o o

N
o

where the last uncertainty on y of 4.3° the
former model uncertainty of 8.9°

o

-8 -6 -4 -2 0 2 4 eB_s
in
BELLE: arXiv:1106.4046. See also Anton Poluektov’s talk at Moriond EW 2011 (from which | lifted several of the plots shown here):

http://belle.kek.jp/belle/talks/moriondEW1 1/poluektov.pdf
CLEO-c input:Phys.Rev.D82:112006,2010.
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Candidates /(0.1 McV/e?)

LHCb PRL 116/(2016)’0.24, 241801

Charm mixing in D—=Krrrm

1.6
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1.2F
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11M RS events
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LHCb PRL 116/(2016)’0.24, 241801

Charm mixing in D—=Krrrm

11M RS events

Jonas Rademacker (University of Bristol)

“Wrong sign”

43k WS events

First >.56' ;

Quantum correlated measurements at CLEO

ion of charm.
Other than D kp

x!()-‘l w ) 1 LR Al 7 1
/ :
E LHCD / 3
/ g
/ 4 1
- l / / 1
I e =
1 i
<e Data ;
Unconstrained :
«vo Mixing-constrained
<<+« No-mixing
1 1 a g ]
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1/t

mixing in 5 §
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Measurement of phases at CLEO-c

Binning at based on BaBar model*

413037 0-021

3.0(

o]

Used by BELLE & LHCb
l: for model-independent
measurements of .

2 5F

mM2(Kstt-)/GeV?

» Looking forward to update
i by BESIII with much
larger dataset.

1.0

05

CLEO-c input:: Phys. Rev. D 82 112006
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68,

054018 (2003).
m2(K3n+)/ GeV? Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)
*model = BaBar PRL 95 (2005) 121802 BELLE’s first model-independent y measurement: PRD 85 (2012) 112014
[1] Bondar, Polucktov hep-ph/0703267v1 (2007) LHCDb’s latest model-independent Y measurement: JHEP 1410 (2014) 097
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Multi-Generational Flavour Physics

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO

Edward V. Brewer (1883 — 1971)
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Multi-Generational Flavour Physics

Edward V. Brewer (1883 — 1971)

Regrettably, CLEO recently deceased - but her data live on.
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Model-independent y from

Bx— (Ksmim)pK, B—=(KsKK)pK

* Binned, model-independent
analysis using CLEO-c input.

Phys. Rev. D 82 112006.

* Plots show LHCb data - the
colours represent the bins,
shaped to optimise sensitivity.

 Result of combined analysis
(3fb-1, 2011+2012, Kstirt &
KsKK):

7= (6271))°
op = (134133)°
rp = 0.080 70031

Jonas Rademacker (University of Bristol)

m2 [GeV?/ 4
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LHCb preliminary

—
L

1 — I1.5I
m2 [GeV?%/ 4]

CLEO-c input:: Phys. Rev. D 82 112006.
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)

HEP 10 (2014

m2 [GeV?/ ¢4

(9]
T

LHCb preliminary |

m2 [GeV?/ ¢*]

m2 [GeV?/ 4]

Pk Pk ek .
() N o)) 0
T T T T T T T T

—
L

. LHCD preliminary ]

1.2

14

BELLE’s first model-independent y measurement: PRD 85 (2012) 112014

Quantum correlated measurements at CLEO

—
1.6 1.8
m2 [GeV?/ 4]

BESIII-LHCb Workshop, IHEP, Jan 2018

{

LHCDb 2011 Result: Phys. Lett. B718 (2012) 43

58


http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www.inspirehep.net/search?p=j+PR,D85,112014
http://inspirehep.net/record/1310654?ln=en

Model-independent y from

Bx— (Ksmim)pK, B—=(KsKK)pK

HEP 10 (2014

* Binned, model-independent
analysis using CLEO-c input.

Phys. Rev. D 82 112006.

* Plots show LHCb data - the
colours represent the bins,
shaped to optimise sensitivity.

 Result of combined analysis
(3fb-1, 2011+2012, Kstimt &
KsKK):

7= (6271))°
op = (134133)°
rp = 0.080 70031
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Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)
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BELLE’s first model-independent y measurement: PRD 85 (2012) 112014
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Also input for model-independent charm mixing

LHCb: JHEP 1604 (2016) 033

ﬂ’._‘ 3 [ _ '. ' | ' ' ' ' I ' ' ' ' |l . .
O I S - * First model-independent 3-
‘\; y i*‘-ﬁ_ LHCb 102 body mixing, uses CLEOQ input
Q&I B
O I Wik ; |
~ 7E 1 ] - 1/fb (only a fraction of Run 1)
S .
o wn [ 4 —
4 B 1310 .
SFL15F o - - So far, only mixing, no CPV
E : X=(—0.86+0.53+0.17)x102
IF ~ y=(+0.03+0.46+0.13)x 1072
E e E (compatible with, but less precise than BaBar,
05 — T R ] BELLE model-dependent analyses)
_ | | ||
1 2 3 » Looking forward to analysis
mZ(Kgnl) [GeV?/ct with much more data (and

perhaps BESIII input)
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Also input for model-independent charm mixing

LHCb: JHEP 1604 (2016) 033

§ 3:_ « First model-independent 3-
N> - 102 body mixing, uses CLEOQ input
025
O L
— b - 1/fb (only a fraction of Run 1)
é\] - 5
Yol 310 »
S15F - So far, only mixing, no CPV
E X=(—0.86+0.53+0.17)x102
IF y=(+0.03+0.46+0.13)x 1072
E 1 (compatible with, but less precise than BaBar,
05 ui BELLE model-dependent analyses)
 Looking forward to analysis
with much more data (and

perhaps BESIII input)
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The CP content of DO—=1—11+11° measured at CLEO.

N_|_ Phys.Lett. B740(2015) 1-7

reconstructed D° DO—rt-rt+1i® mass for events tagged as...
CP-even

T T T

REENUE

F, =
+ N_|__|_N_

—
[\
S
I

D
S
I
|

—
[l
(=)

LN L

|

Events / (2 MeV/c?)
o0
=
|

N
(=)

[

|

200 ! g
O: ?ﬂ Ll ”&M 7 V| \:
1.83 184 185 1.86 1.87 1.88 1.89
M, [GeV/e?]

effectively a CP eigenstate
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The CP content of DO—=1—11+11° measured at CLEO.

N_|_ Phys.Lett. B740%(2015) 1-7
F b= n reconstructed D° DO—rt-rt+1® mass for events tagged as...
CP even CP-0odd
160 BARRERRAREN 160 T
140f + (b) . 140 (A
120 + ] _120F ]
=100 - >100F 1
= = T
Q 80 . o 80f 1
£ 60 t E £ 60f- E
= 40 + f = 401 ]
i i 4* E 200 ]
20 3 ‘ 1 + M
. : ] s TP, @W L
@ N M@ ] 9
TR I N T W RTINS 053 Tsh 185 ise 187 ?88 189
M, [GeV/c2] M, [GeV/c?]

effectively a CP eigenstate

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018 60


http://inspirehep.net/record/1322379?ln=en

The CP content of DO—=1—11+11° measured at CLEO.

N_|_ Phys.Lett. B740%(2015) 1-7
F b= n reconstructed D° DO—rt-rt+1® mass for events tagged as...
CP even CP-0odd
160 BARRERRAREN 160 T
140f + (b) . 140 (A
120 + ] _120F ]
=100 - >100F 1
= = T
Q 80 . o 80f 1
£ 60 t E £ 60f- E
= 40 + f = 401 ]
i i 4* E 200 ]
20 3 ‘ 1 + M
. : ] s TP, @W L
@ N M@ ] 9
TR I N T W RTINS 053 Tsh 185 ise 187 ?88 189
M, [GeV/c2] M, [GeV/c?]

F+(TL’+TL’_TL’O) = 0.968 £ 0.017 £ 0.006
effectively a CP eigenstate
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4p1 model

Decay channel R(a;) 3(ay) F; (%)
DY — 7w~ [a1(1260)*" + p(770)°] 100.00 (fixed) 0.00 (fixed) 381+23+£32+1.7
D% — 7~ [a1(1260)t — 7t 0] 56.46 4 13.85 4 14.49 167.87 £ 14.51 £19.38  102+1.44+21425
D% — 7t a(1260)~ 0.218 4 0.028 4 0.036 0.180 & 0.024 £+ 0.017 -

D° — 7% [a1(1260)~ — 7~ p(770)°] - - 31+£0.6+0540.9

D® — 7t [a1(1260)” — 7~ o]
D® — 7~ [w(1300)" — 7T o]
D® — ot [7‘(’(1300)_ — 7 0]
D° — 7~ |a1(1640)*[D] — 7 *
D — 7~ |ay (1640) — 7t o]

DO s 7= [ma(1670) — w+ £2(1270)]
DY — 7~ [m2(1670)™ * o]

DO =5 o f5(1370)
DY — o p(770)°
DO[S] — p(770)°

p(770)°]

p(770)°

—15.11 £3.08 £9.44
—6.48 = 2.39 £ 6.08
—125.40 £ 20.59 £ 28.50
77.57+21.59 +31.24
—49.93 £42.23 £ 77.44
—51.35 £22.21 £15.18
27.71 £6.81 £19.04
41.99 £4.19 £4.42
2.37+£1.24£2.00

19.80 £ 3.54 £ 5.90
15.19 £2.62 £ 7.52
—10.89 £ 15.07 £ 13.75
—94.98 £ 21.12 £+ 34.54
348.39 £+ 40.95 £ 42.87
—209.98 £ 22.21 + 41.58
71.93 +£6.41 £17.44
—25.42 £+ 3.62 £6.53
8.89 £1.35 £1.83

0.8£02£0.1£04
6.8+09+£15+3.1
3.0+£06=L£2.0%£2.0
42+06+09+1.8
244+£07£1.14+£1.3
27£06+£0.7£0.9
3.0£0.6x0.8+0.9
212 £18+42+5.2
6.6+1.0x£1.2%3.0
24£+£07£11£1.0

DP[P] — p(770)° p(770)° —2.51 4+ 1.33 + 1.46 —20.80 4 1.48 + 3.67 70+05+1.6+0.3
DP[D] — p(770)° p(770)° —33.99 +3.34 + 5.11 —7.64 4+ 2.62 +£4.77 824+ 1.0+1.74+3.5
DY — £5(1270) f2(1270) —34.47 £21.71 42246  —172.87£21.71+27.01  2.14+0.54+0.34+2.3
Sum 122.04+4.04+6.44+7.6
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Measurement of D°—=Ksrmint phases at BES |l

BES lll preliminary (see Dan Ambrose, APS 2014)

O Model prediction
@ BESII|
V CLEO-c

(different binning than prev slide)
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Table of yields

Mode ST yield DT yields
Kdrtr™ Kdntn~ KOKTK- KYKTK-

Flavor tags

K-nt 144563 +- 403 1444 2857 168 302
K—mtn0 258938 £ 581 2759 5133 330 585
K-mtrtr=  2208314+541 2240 4100 248 287
K=etv 1191 100

C P-even tags

KYK- 13349 £128 124 357 12 32
k. 6177 £ 114 61 184 4 13
KmO7Y 6838 + 134 56 7 14
K970 237 17

K9n(vy) 1
Kn(rtn—70) 1

ng 4

K9 1

C'P-odd tags

K3n® 19753 £153 189 288 18 43
Kn(yy) 2886 + 71 39 43 4
Kn(ntm=n0) 2 1
Kow 8830 £ 110 83 14 10
K%y 3 4
KEWOWO )

Kontrm™ 473 1201 56 126
K27r+7r’ 140

KIKTK~ 4 9

Jonas Rademacker (University of Bristol) Quantum correlated measurements at CLEO BESIII-LHCb Workshop, IHEP, Jan 2018 63



First model-independent y measurement (BELLE 2011)

— 3 y — 3 E
Flavour-tagged o | o |
- 2 25 . 325
D—Ksrirt Dalitz S ey
plot T2 ¥ E 2
czm 5
T 15 E15
1 1
H"'h. 0.5 B LRI 0.5 5
05 1 15 2 25 3 05 1 15 2 25 3
mﬂ(K‘;ﬂ (GeV?/c?) mﬁ(ng) (GeV?/c?)

y = (77.34350 £ 406 4.3)° 100;
rg = 0.145 + 0.030 = 0.011 £ 0.011

op = (129.9+15.0£3.9+4.7)°,

©
o

Number of events
NS (o))
o o

N
o

where the last uncertainty on y of 4.3° the
former model uncertainty of 8.9°

o

-8 -6 -4 -2 0 2 4 eB_s
in
BELLE: arXiv:1106.4046. See also Anton Poluektov’s talk at Moriond EW 2011 (from which | lifted several of the plots shown here):

http://belle.kek.jp/belle/talks/moriondEW1 1/poluektov.pdf
CLEO-c input:Phys.Rev.D82:112006,2010.
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Model-independent y from

Bx— (Ksmim)pK, B—=(KsKK)pK

* Binned, model-independent
analysis using CLEO-c input.

Phys. Rev. D 82 112006.

* Plots show LHCb data - the
colours represent the bins,
shaped to optimise sensitivity.

* Run 1 analysis (3fb-1, Ksttrt &
KsKK):

v = (62713)°
op = (134+14)°

rp = 0.080 7005

Jonas Rademacker (University of Bristol)
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CLEO-c input:: Phys. Rev. D 82 112006.
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)
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BELLE’s first model-independent y measurement: PRD 85 (2012) 112014
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LHCDb 2011 Result: Phys. Lett. B718 (2012) 43
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Model-independent y from

Bx— (Ksmim)pK, B—=(KsKK)pK

HEP 10 (2014

* Binned, model-independent
analysis using CLEO-c input.

Phys. Rev. D 82 112006.

* Plots show LHCb data - the
colours represent the bins,
shaped to optimise sensitivity.

* Run 1 analysis (3fb-1, Ksttrt &
KsKK):

v = (62713)°
op = (134+14)°

rp = 0.080 7005

Jonas Rademacker (University of Bristol)
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CLEO-c input:: Phys. Rev. D 82 112006.
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)
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BELLE’s first model-independent y measurement: PRD 85 (2012) 112014
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LHCDb 2011 Result: Phys. Lett. B718 (2012) 43

65


http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www.inspirehep.net/search?p=j+PR,D85,112014
http://inspirehep.net/record/1310654?ln=en

Binned time-dep B°—=DM™°(rt°, n, n’, w), D—=Ksrrt

BELLE: PRD94 (2016) no.5, 052004

Result @ BELLE
sin2¢; = 0.43 £ 0.27(stat) £ 0.08(syst)

cos 2¢; = 1.06 % 0.33(stat) 012 (syst) ‘:%5 2
uncertainty due to (mainly stat) uncertainty in CLEO-c input: e 150
0.03 (sin), +0.21-0.14 (cos) % E

A Y DO— KsrttTt-
“aifhy. from B°-tagged

PTI EIRE R 1 P 1 PRI
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]
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Previously (less data, model-dependent): BELLE PRL 97 (2006) 081801

Quantum correlated measurements at CLEO
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BaBar: PRL 99 (2007) 231802
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Binned time-dep B°—=DM™°(rt°, n, n’, w), D—=Ksrrt

BELLE: PRD94 (2016) no.5, 052004

Result @ BELLE

sin2¢; = 0.43 £ 0.27(stat) £ 0.08(syst)
cos 2¢; = 1.06 % 0.33(stat) 012 (syst)

uncertainty due to (mainly stat) uncertainty in CLEO-c input:

0.03 (sin), +0.21-0.14 (cos)

M
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Previously (less data, model-dependent): BELLE PRL 97 (2006) 081801
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Coherence Factor Analysis of (K- )oK

,(m I_):K—’

- Treat K3 like two-body decay with 'e €
single effective strong phase 6p.

I‘(B_ — (K+37T)D K_) X r% + ( 53”) + 2RK37T7“B7“§3 COS(5B + 5K37T — 7)

AD® - Ktr—ntn)
A(EO — Ktr—ntn—)

A(B- = D'K-)
A(B~ — DVK-)

rp =

COherenC.e faCt(.)r R<1; e Rkapi is the coherence factor introduced by Atwood & Soni,
larger R gives higher sensitivity to y PRDGS (2003) 033003

Also interesting in relation to charm mixing, see

e Bondar, Poluektov, Vorobiev: PRD 82 (2010) 034033,
Malde & Wilkinson PLB701 (2011) 353-356,
Malde, Thomas & Wilkinson PRD91 (2015) no.9, 094032,
Harnew & JR: JHEP 1503 (2015) 169, PLB 728 (2014) 296
LHCb: PRL116 (2016) no.24, 241801
Evans et al: PLB 757 (2016) 520

« Conceptually the same as F+ and ¢;, si
(shown later), related through

Re™ P = ¢; + is;
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