New unbinned method to
combine w(3770) - DD and

B — DK data

Making y more precise by optimising information usage.
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CP violation is an interference effect

LHCb: JHEP 04 (2021) 081

You are here

5200 540
m(|K 7~ |pK™)

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau n"Ph\ B 83:488 ' and Soni Phys.Rev.Lett. 78 (1997) 3257-3260
(ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018 _Be g a
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Amplitude models describing the
D°/D" decays have to large
uncertainties — model independent
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CLEO-c¢/BES llI’'s unique data provide additional
iINformation on D mesons.

simulated data - simulated data

0'..|....|....|....1....1....1. ol b b b b L.
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

mM2(Ksttt)/GeV2 m2(Ksrt+)/GeV2
Two measurements for each point in Dalitz

space - can extract magnitude and phase!
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CLEO-c¢/BES llI’'s unique data provide additional
iINformation on D mesons.
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Two measurements for each point in Dalitz
space - can extract magnitude and phase!  BESI: PRL124 (2020) 24, 241802

CLEO-c: Phys. Rev. D80, 032002 (2009),
updated in Phys.Rev. D82 (2010) 112006
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Two measurements for each point in Dalitz
space - can extract magnitude and phase!  BESI: PRL124 (2020) 24, 241802

CLEO-c: Phys. Rev. D80, 032002 (2009),
updated in Phys.Rev. D82 (2010) 112006
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Model-independent, binned approach
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One complex number per bin-pair, ¢; + isl-, contains the key
information uniquely accessible at CLEO-¢/BES I, which is
related to the phases the D" and D decay amplitudes.

Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).
Eva Gersabeck, Jake Lane, Jonas Rademacker A new method for the optimal precision on ¥ CHARM 2023, Siegen 11
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: E Gersabeck, J Lane, JR;:
New unbinned method arXiv:2305.10787 (2023)

Carefully optimised binning
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: E Gersabeck, J Lane, JR;:
New unbinned method arXiv:2305.10787 (2023)

New, unbinned model-

Carefully optimised binning independent method
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Other unbinned methods exist: Poluektov, Eur.Phys.J.C 78 (2018) 2, 121; Backus et al,
arXiv:2211.05133. In contrast to these and the binned method, we do not do any integration,
averaging or projection from 2D to 1D, and therefore do not suffer the associated information loss.
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BaBar & BELLE D’ K™ n™ amplitude analysis

PRD 98 (2018) 11, 112012

Best statistical precision 3.0
on y is achieved with an |
unbinned model- |
dependent method. So  — .,
let’'s have a look at those |
models.
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BaBar & BELLE D’ K™ n™ amplitude analysis

PRD 98 (2018) 11, 112012
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BaBar & BELLE D’ K™ n™ amplitude analysis

PRD 98 (2018) 11, 112012
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BaBar & BELLE D’ K™ n™ amplitude analysis

PRD 98 (2018) 11, 112012
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Unbinned quasi model-independent (QMI) method

* The magnitudes of amplitude models
are OK and can be verified on data.

* Violation of unitarity and analyticity in
models destroys link between
magnitude and phase - the models’
phases are uncertain.

» |[dea: Keep models’ magnitudes, but
correct phases in model-
independent way.

Eva Gersabeck, Jake Lane, Jonas Rademacker A new method for the optimal precision on ¥

CHARM 2023, Siegen
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CP violation is an interference effect

i Rev.Lett. 78 (1997) 3257-3260

CHARM 2023, Siegen 18


http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067

CP violation is an interference effect
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Correct phase differences arXiv:2305.10787 (2023)

In all relevant decay rates, at the charm threshold and in B
decays, phases enter through interterence terms between

D and D° decay amplitudes, e.g. for D° from B~

(s, 5_) rg(er, s )+ ré + 2rp(s,, S_)rgcos (5B — ¥ 4 op(sy, S_))

[H(s_, s,) o rp(s,, s_) + g + 2rp(s,, s_)rzcos (85 + 7

We correct this term, the phase difference of the D" and D
decay amplitudes to the same phase space point:

_ smodel COrT
Op = Op, + 0p)
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ldea: Generic parame
fromn model-predictior

risation of deviation of phase

arxiv:2305.10787 (2023)

5(s,,s_) =M%l (s, 5 )+5(s,, 5 )

0°°" (s, s_) = polynomial in s, s_, determined in

simultaneous fit to BT —

DK™ and w(3770) — DD data
Symmetry:
o(8,,85_) =—0(s_,5,)

5corr(s+, 5 )= — 5corr(s_, S+)

Eva Gersabeck, Jake Lane, Jonas Rademacker A new method for the optimal precision on y CHARM 2023, Siegen 20



https://inspirehep.net/literature/2660852

Rotate and stretch arxiv:2305.10787 (2023)

/ 7

S_ < VA
+ a
fit parameters ith order Legendre polynomials

l (21+1)th order Legendre polynomials
corr _ /7
0 z , 2 ,Cl 2j+1 P(Z+) P2]+1(Z )
=0 j=0
only odd powers of z” o« s_ — s, ensures that 0°°"' (s, s_) = — 0" (s_, 5,)
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esting the method

arxiv:2305.10787 (2023)

Generate Babar & BELLE amplitude model with modified
phase difference (s, s_)

S

bias | |-
sbias | |-

-0

5+1 rad

. S
_|_
57 = erf (

— S

E

- > g(sy,s_)

where g is a 2-D Gaussian,

'—lrad

Fit starts from un-modified moc

D1as

el - will it be ab

to a sufficie

5COI’I’ ~ 5
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esting the method arXiv:2305.10787 (2023)

Generate Babar & BELLE amplitude model with modified
phase difference (s, s_)

: +1 rad
5b1as
2 o
This Is a sum of two
gaussian bias functions

-0.75_1 rad

\
-+
Fit starts from un-modified model - will it be able to fina
0~ églas to a sufficient approximation?
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arXiv:2305.10787 (2023)

Single fit, different-order correction polynomials

X, = rgcos(og £ 7)

Ve = 1gSin(0g £ ¥) cyent generation

Deviation of
from model in =%

Order | Axy -100 | Ays -100 | Az_ -100 | Ay_ -100
MD | +1.3£08 | +1.2+1.1 | -1.0£+£1.3 | —-3.3+1.3
1 +1.1+£08 | +0.5£1.0 | —1.3£0.8 | —0.6 £ 1.0
2 +05+09 | +0.1£1.0 | —1.0£0.8 | +0.4+1.0
3 +06+£08 | 00+£1.0 | —-1.2+08 | +04+1.0
4 +0.3+08 | 40.4+1.0 | —0.8+0.8 | +0.3 £ 1.0
5 +04+08 | 40.5£1.0 | —0.7+0.8 | +0.3 £ 1.0
6 +0.3+08 | 40.7£1.0 | —0.8+0.8 | +0.4£1.0
7 +0.3+08 | 40.5£+£1.0 | =09+ 0.8 | 40.7£ 1.0
8 +0.3+08 | 40.5£1.0 | —09+0.8 | +0.7£ 1.0
9 +0.3+08 | 40.5£1.0 | —=0.7+0.8 | +0.7£ 1.0

LHCb vields as in JHEP 02 (2021) 169

BESIII yields as in: PRL 124 (2020) 24, 241802, PRD 101 (2020) 11200

Eva Gersabeck, Jake Lane, Jonas Rademacker
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1 +1.1+£08 | +0.5£1.0 | —1.3£0.8 | —0.6 £ 1.0

2 +05+09 | +0.1£1.0 | —1.0£0.8 | +0.4+1.0

3 +06+£08 | 00+£1.0 | —-1.2+08 | +04+1.0

4 +0.3+08 | 40.4+1.0 | —0.8+0.8 | +0.3 £ 1.0

5 +0.4+08 | 40.54+1.0 | —0.7+0.8 | +0.3 £ 1.0
-

7 +0.3+08 | 40.5£+£1.0 | =09+ 0.8 | 40.7£ 1.0

8 +0.3+08 | 40.5£1.0 | —09+0.8 | +0.7£ 1.0

9 +0.3+08 | 40.5£1.0 | —=0.7+0.8 | +0.7£ 1.0

LHCb vields as in JHEP 02 (2021) 169

BESIII yields as in: PRL 124 (2020) 24, 241802, PRD 101 (2020) 11200
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Single fit, different-order correction polynomials

X, = rpCcos(dz £ y) Deviationof 6 "M “trye”| || Tl
- : from model in =% 5bias

Y+ = rgSIN0p £ 7)  gyent generation . 0

Order | Az; -100 | Ayy -100 | Az_ -100 | Ay_ -100 101
MD | +13+08 | +1.2+11 | —1.0+1.3 | —-3.3+1.3 -

1 | 411408 | 405410 | -13+08 | —0.6+1.0 oo wow o —lrad

2 | 405409 | +0.14+1.0| —1.0+£0.8 | +0.4+1.0

3 | 4+064+08| 00+1.0 | —-1.2+08 | +0.44+1.0 |

4 | 403408 | 4+044+1.0| -0.84+0.8 | +0.3+1.0 il

5 | £04+0.8 | +0.54+1.0| —0.7+£0.8 | +0.3+1.0

6 | +03+0.8| +0.7+1.0| —-08+0.8 | +0.4+1.0

7 | 403408 | 405410 | —09+0.8 | +0.7+ 1.0
IR B S A AR

9 | +03+08] +05+1.0] —07+0.8 ] +0.7 + 1.0 T R

LHCb vields as in JHEP 02 (2021) 169

BESIII yields as in: PRL 124 (2020) 24, 241802, PRD 101 (2020) 11200
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Single fit, different-order correction polynomials

X, = rgCos(0p £ y)  Deviation of O
— . from model in =%
V., = r-Smld~+vY

( While, here, our focus Is on the use

—  for y, the model-independent

3.0 A ‘

utrueu (+1rad

5bias

—1rad

determination of strong phases is

also interesting for developing and
testing amplitude models, and for
the measurement of charm mixing.

7 +0.3x08 | +0.0=1.0| -0.9=x0.8 | +0.7 = 1.0 -
8 +0.3+£08 | +0.5£1.0 | =0.9+0.8 | +0.7 £+ 1.0 | =P ..]

.

fitted

9 +0.3 =08 | +0.6 1.0 | =0.7x=0.8 | 0.7 = 1.0

LHCb vields as in JHEP 02 (2021) 169
BESIII yields as in: PRL 124 (2020) 24, 241802, PRD 101 (2020) 11200
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Pull studies, 100 fits

poull:

Table shows (mean) £

arxiv:2305.10787 (2023)

fit — input

o
(standard deviation)

of pull distribution. Expect: 0 = 1

Method Ay 2y ST SR
O Oy, O Oy_
QMI —0.12+£0.82 +0.074+£1.01 —-0.124+1.11 —-0.0241.06
MD —0.08+0.82 +0.13+1.01 —-0.07=1.06 —-0.1241.01
QMI +0.22+0.89 —-0.07=0.93 +0.16 =1.08 +0.07 = 1.28
+1.10x=0.8 +342=1.03 +0.36=x1.03 —-3.85=x1.21
QMI +0.17=090 +40.07 =094 +0.02=x0.99 +40.13x=1.01
+2.04 087 +1.07%=095 —-093=1.16 —-181+1.24

Uncertainty on mean: £0.1, on standard deviation: £0.07
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Precision on y with BT — DK*, D — Kr

arXiv:2305.10787 (2023)

6 ()

. Model-  OPInS, R
Lumi new QMI Sl fixed* ) addl’[I.Oﬂa|
Ci, Si uncertainty on
binned y fit due
IXLHCb 1xBESIII 4.2 to finite BESII|
4.2 0.1 data for
1XLHCDb 10xBESIII 4.2 1xBESIII; 1.2°

PRD 101 (2020) 11200

100xLHCDb 1xBESIII guseRs
0.42 0.52

100xLHCDb 10xBESIII gueRx

(average error reported in 100 pseudo experiments)

(BTW, ultimate precision on ¥y achieved through combining multiple decay modes)
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summary

Status, now (approximately)

Shown are constraints on apex
of triangle from various

measurements (@®) and y ([

ll
—l
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summary

What we're aiming for

There is a crack, a crack in everything
That's how the light gets in.
(Leonard Cohen)

i
—l
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summary

What we're aiming for

There is a crack, a crack in everything
That's how the light gets in.
(Leonard Cohen)

1

New unbinned method (arXiv:2305.10787) makes optimal use of the information
contained in w(3770) — DD and B* — DK™ data for a better precision on .
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The End



Summary

- The CKM angle y allows a beautifully “clean”
measurement with negligible theory uncertainty.

» Future datasets will allow an exquisitely precise
measurement of y.

* Model-independent methods required to truly
benefit from these data. These rely on

combining BES lll and B — DK data.

* New unbinned method (arXiv:2305.10787)
exploits the information contained in both types

of data optimally for better precision on y.
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T 2025

LHCb UGII FTDR: LHCB-TDR-023
BELLE Il TDR: arXiv:1011.0352
LHCb UGII physics: arXiv:1808.08865
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B ->DK;D—->rannn , KK n7n™

» Also expect good precision from other four-body modes.

- CP-even fractions measured by BES III.
F (D’ - K"K ztzn™) = 0.730 = 0.037 £ 0.021 BESIII: PRD 107 (2023) 3, 032009
F, (D' - ztz~n%tz2™) = 0.735 £ 0.015 %+ 0.005 BESIII: PRD 106 (2022) 9, 092004

- Recently studied at LHCb: arXiv:2301.10328. Expect excellent sensitivity
with binned ¢;, s;.

. Binned c;, s; measured by CLEO-c for D° — 4, but not for DY — KKzx
(lack of statistics).

* Precise measurements from BESIII for both modes would have significant
Impact.
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B- decay rate
F_(S_l_, S_) - ‘AD ‘2 + ré ‘KD ‘2 _I_ ZRe (ADK;’;FBG—Z'@B—}’)>

o |Ap|* + 12| Ap > + 2| Ap | |A| ,rgcos (55 — ¥

Similarly for CP-conjugate proces

We correct this term, the phase difference of the D and D
decay amplitudes to the same phase space point:

_ smodel COrT
Op = O, + 0}
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he Big Picture LHCb UGII physics: arXiv:1808.08865

Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11 ATLAS & CMS
EW Penguins

Ri (1 < ¢ <6GeV3ict) 0.1 [274] 0.025 0.036 0.007 E
R+ (1 < ¢% < 6GeVich) 0.1 [275] 0.031 0.032 0.008 E
Ry, Ry, Ry — 0.08, 0.06, 0.18 ~ 0.02, 0.02, 0.05 -
CKM tests

v, with BY - Df K~ (F35)° [136] 4° - 1° -
7, all modes (*29)° [167] 1.5° 1.5° 0.35° -
sin 283, with BY — J/¢ K 0.04 [609] 0.011 0.005 0.003 -
¢s, with B — J/1¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [610]
¢s, with BY — DI D 170 mrad [49] 35 mrad - 9 mrad —
¢35, with BY — ¢¢ 154 mrad [94] 39 mrad — 11 mrad Under study [611]
ad) 33 x 1074 [211] 10 x 10~* ~ 3x 1074 -
Vol /| Ve 6% [201] 3% 1% 1% -
BY,B—putp~

B(B — ptp™)/B(BY — ™) 90% [264] 34% R 10% 21% [612]
TR0yt i 22% [264] 8% -~ 2% -
Spup - - — 0.2 —
b — ¢l LUV studies

R(D¥) 0.026 [215,217] 0.0072 0.005 0.002 -
R(J/v) 0.24 [220] 0.071 R 0.02 -
Charm

AAcp(KK — 7o) 8.5 x 1074 [613] 1.7 x 1074 5.4 x 1074 3.0 x 1075 E
Ar (= xsin @) 2.8 x 1074 [240] 4.3 x 107° 3.5 x 1074 1.0 x 107° —
rsin ¢ from DY — K+7n— 13 x 10~4 [228] 3.2 x 1074 4.6 x 10~ 8.0 x 107° E

x sin ¢ from multibody decays (K37m) 4.0 x 107° (K{rm) 1.2 x 107*  (K37) 8.0 x 107° -
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Winning by binning in 5 dimensions... e.g. D=

Binning based on phase difference between D°
and D° amplitudes going to same point in phase

space, like optimised binning for Ks | TIrT.
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This approach requires a model.

Examples of 2-D slices through 5-D phase space
based on D—mmit amplitude model in JHEP 1705 $017) 133.

e
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¢ [rad]

04 06 08 1
cos(0)
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Results for 4-body ¢, si

D° = TT+1T-TT+7T- D°— K1+

(measurements x and model expectation ()  no model (binning around resonance)

g —_ i ' | ' ' ! ! | ! ! ! ! | ! i (,';1.5 [T T LI B I B
1t e — 4 ] 1* }
0.5¢ g 0.5f b
- C@ 4@ 3 :
S T i
0 _ : 7 O .
L 3
-0.5 i @7 - 0.5; -]
- ] .1 | | 1 i | o |
-1 0 1 5 1 -05 0 0.5 1 (1: 5
cHm i

CLEO-c data: JHEP 1801 {2018) (¥4

CLEO-c data: JHEP 1801 {2018) (82
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Recent results for D=1+ 11+

(2-D slices through SD) peeimaar ..
cos f34 = 0 O =1/2
o = T .3

500 1000 1500 500 1000 1500 500 1000 150


https://inspirehep.net/record/1622744?ln=en
http://inspirehep.net/record/1364362?ln=en

Comparing methods

arxiv:2305.10787 (2023)

LHCb | oy, -107 oy, - 10 0z - 107 oy_ - 10 oy (°)

Lumi | MD  bin MD  bin MD  bin MD  bin MD  bin
x1 | 0.780 0.886 | 1.081 1.482 | 0.878 1.189 | 0.939 1.328 | 4.23 5.09

x100 | 0.078 0.089 | 0.108 0.149 | 0.088 0.118 | 0.093 0.134 | 0.42 0.52

Lumi scenario:

LHCb BESIII | oy, -10% | 0y, -10% | 0, -10% | 0 - 10 | 0 (°)
X1 X1 0.780 1.091 0.877 0.945 4.21
X1 x 10 0.773 1.062 0.866 0.924 4.18

%100 x1 | 0.079 0.122 0.090 0.104 0.45
%100 x10 | 0.078 0.115 0.089 0.099 0.43

Eva Gersabeck, Jake Lane, Jonas Rademacker
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, , . JHEP 04 (2021) 081
CD V|O|at|0ﬂ N 2—bOdy mOdeS Phys.Lett. B777 (2018) 16-30

Phys.Lett. B760 (2016) 117-131

8.6 8.6

R HGhe o b0 o200 e e e he e LHEh

% ................ g.fl;_’ e o o [ ] %. ® O 5 O 0 0 0 0 0 0 0 0 0 o o o g\ o o 0o 0o o gﬂ)_.l

= =

o 4000+ o 4000

= N

~ ~

n wn

22000 £ 20001

= =

5 5

= =

= =

g 0 ‘ ————— ‘ 8 0 ‘ —— ‘

© 5000 5200 5400 5000 5200 5400

m([K~n|pK~) [MeV/c? m([KTr~|pK™) [MeV/c?
800 4 eeererecneneanas O B LHCh
i 0y e g

:

)
S
<

[N}
o
o

O
j I
Candidates / (4.0 MeV/c?)

Candidates / (4.0Me
B
(]

5000 5200 5400

5000 5200 5400

§7I_K+)DK z ;
\ ,_;5 .:_9 °
e e}
/r- 67’(5 ’Y) c% 0 T, VAR TR T cgﬁ 0 A NN T
© 5000 5200 5400 © 5000 5200 5400
m([K*r]pK ") [MeV/e m([K-pK*) [MeV/c?]

Eva Gersabeck, Jake Lane, Jonas Rademacker A new method for the optimal precision on ¥ CHARM 2023, Siegen 40



https://inspirehep.net/record/1436488?ln=en
https://inspirehep.net/record/1618003?ln=en
https://inspirehep.net/literature/1838001

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

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

- Parameter counting: 3
Number of bins: i

Dividing Dalitz plot into N bin pairs gives 4N bins (2N fc :
Number of parameters: 2-
3 global (rg, 05, 7)

2 N (c;, s; one per each bin pair) |

Theoretically, if 2N+3 < 4N (i.e. N > 2), can fit all parar
from B decays. .

- In practice, to achieve good precision on 7, input from threshold to constrain c;, s;
IS absolutely critical.
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B* — DK*,D — Kttn™ at LHCb

LHCb: JHEP 02 (2021) 169

BT - DK*

600 7 LHCD
500 ] — B* 5 DK*

— B* & Dn?
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| HCb-CONF-2022-003
JHEP 12 (2021) 141

BES Il and others

Input to LHC y combination

LHCb

B decay D decay Ref. Dataset Status since Decay Parameters Source Ref. Status since
Ref. [14] Ref. [14]

B* — Dh* D — h*h™ [29] Run 1&2 As before B* = DE** RpE” LHCD (33] As before
B* — Dh* D — htr—ntn—  [30] Run 1 As before B’ = DK™ K LHCDb (53] As before
BE — Dh* D — KnFrta— [18] Run 1&2 New BY — DFr* Ié] HFLAV [13] As before
BE — Dh* D — hth—7° [19] Run 1&2 Updated BY — DFK*(rm) ¢, ’ HFLAV [13] As before
B* — Dh* D — KOh*h- [31] Run 1&2  As before D= K*m cos 95", sindp”, (rp")*, o, y CLEO-c [27] New
Bt _s DhE D — KgKiﬂ_q: [32] Run 1&2 As before D — K:Wr* 0 Ai(m A}}E’“ , B™ cos 08™ rEm™sin §57  BESIII [38] New |
B _s DBt D s hth- [ ] Run 1&2 As before g — h+h_7r+ ) F,:,,,m Flreo CLEO-c [54] As before
BE . DR D s hth- [ ] Run 1&2(*) As before -7 +7r _71' 071' Ff(:ﬂu P CLEO-c+BESIII (26,54 Updated
B DR [N N 133] Run 1&2(*) As before D — Kiﬂ' 7T+ 7 1"},;37T , fgﬂ ,;5 CLEO-c+LHCb+BESIIT  [55-57] As before
B* s DhErtne D s bt - (34 Run 1 As before D — K*nFntn QUM(S KQ,K/TFD e CLEO-c+LHCb+BESIIT  [49,55-57] As before
BY s DK*0 D = hth- [35] Run 1&2(%)  As before Do KK o™ rp 00T R CLEO o8 As before

D — K§K*nF r LHCb (59] As before
B — DK*° D — htr—ntn™  [35] Run 1&2(*) As before : :
B — DK*° D — Kirtn~ [36] Run 1 As before
B — D¥g* Dt — K nfnt [37] Run 1 As before
BY — DF¥K* DfY — hth 7t [38] Run 1 As before
BY — DFK*rtr~ D} — hth 7t [39] Run 1&2 As before
D decay Observable(s) Ref. Dataset Status since

Ref. [14]

D% — hth~ AAcp [24,40,41] Run 1&2 As before
D’ — KtK~ Acp(KTK™) [16,24,25] Run 2 New
D% — hth~ yop — Y& ™ [42] Run 1 As before
D% — hth~ yop — Y& ™ [15] Run 2 New
D% — hth~ AY [43-46] Run 1&2 As before
D° — KTn~ (Single Tag)  R*, (2/%)2, y* [47] Run 1 As before
D° — K*n~ (Double Tag) R*, (2/*)2, y* [48] Run 1&2(*)  As before
D° — K*nFrta= (2% +9?)/4 [49] Run 1 As before
D° — Kdntm~ T,y [50] Run 1 As before
D° — Kintm~ xeop, Yop, Az, Ay [51] Run 1 As before
D° — Kdntm— xep, Yop, Ax, Ay [52] Run 2 As before
D° — Kntr~ (= tag) Tep, Yop, Az, Ay [17] Run 2 New
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- L HCb-CONF-2022-003
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LHCDb BES lIl and others

B decay D decay Ref. Dataset Status since Decay Parameters Source Ref. Status since
Ref. [14] Ref. [14]

BT — DhT D —=h " LHCb (33] Ai before

BE — DhE D —h ' LHCb (53] As before

B D »~i 100 much for one slide to be A

BE — Dh* D= h . : HFLAV (13] As before

5 = DI v-r readable. Key point: It's alot. . oo X e

gi : gilhi g : 2 y CLEO-c [54] As before

pon b1 And there’s more , e.Q. CLEO-c+BESII 26,50  Updated
" -t CLEO-c+LHCb+BESIII  [55-57] As before

Bi - D]i . D—4 CLEO-c+LHCb+BESIIT  [49,55-57] As before

BO - Dh*g‘— T D—1 CLEO (58] As before

go = gg 0 g - Z LHCb [59] As before

— * —

o e >~y BES Il measurements on D —

B — D¥r* DT — + — 0 )

BY - DF Kt D} - Ko™ 7” arXiv:2305.03975 (2023)

BY — DFK*rtn~ Df —

* K*K~z*z~ PRD 107 (2023) 3. 032009

D° — hth~ AAcp

D’ —» KtK— ACP(K

D% — hth~ Yop — 1 \

S B LHCD ts with

A o measurements Wi

D® — K*n~ (Single Tag) R*, (v -+ -+

DY = K*7~ (Double Tag) RZ, (x B —> DK . D —>

D° — K*nFrta= (22 +y — — — —

D Kier- "y KK rntn ,n"nn'n

D° — Kintm~ Top, Yc

DY Kl o i arXiv:2301.10328 (2023)

D° — Kntr~ (= tag) Top, Yc

S
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LHCb-CONE-2022-003

HCb 4 combination JHEP 12 (2021) 141

impact on charm mixing

’J — I l I | ? ' I I 1 ' T T T '
H) Rk %;Hngb i &, | 5573 LHCb Charm Only LHCb
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Unbinned model-independent method.

Anton Poluektov: Eur.Phys.J.C 78 (2018) 2, 121

* Project 2-D Dalitz plot onto 1D. P L |
> 5— 3. —
» Use amplitude model to S L * ]
. . . [ ---:‘@r::_—: -------------------- ]
associate each point in phase SR ST 485
space to a phase difference 3;" """"""""""""""""" Model-dependent ]
6 model . 2 _ —e— Fourier .
- = Fourier split
1 -o-Phase binning 7
del del L -£+- Optimal binning (C)
e ¢, 5, = C(8™M%), (5™, L R R R
- : : Precision using various approaches, M
functions C, S parameterised in with 2 x 10° BX — DK* events and
a generic way (Fourier series) 10* DD events

Expect precision between binned and model-dependent approach.
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Other unbinned methods exists

- Anton Poluektov: Eur.Phys.J.C 78 (2018) 2, 121. Projects 2-D
Dalitz plot onto 1D. Achieves precision between binned and
model-dependent approach.

- Jeffrey V. Backus et al, arXiv:2211.05133, integrate over the
2-D Dalitz plot in an unbinned way. Get a precision of ~5° for
similar data set sizes we use, however, comparison is

difficult due to different assumptions on the values of y and
0p, and implementation differences in amplitude model.

 |n contrast to these methods and the binned method, we do
not do any integration, averaging or projection and therefore
do not suffer the associated information loss.
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| HCb-CONF-2022-003
JHEP 12 (2021) 141

BES Il and others

Input to LHC y combination

LHCb

B decay D decay Ref. Dataset Status since Decay Parameters Source Ref. Status since
Ref. [14] Ref. [14]
B* — Dh* D — h*h™ [29] Run 1&2 As before B* = DE** RpE” LHCD (33] As before
B* — Dh* D — htr—ntn—  [30] Run 1 As before B’ = DK™ K LHCDb (53] As before
BE — Dh* D — KnFrta— [18] Run 1&2 New BY — DFr* Ié] HFLAV [13] As before
BE — Dh* D — hth—7° [19] Run 1&2 Updated BY — DFK*(rm) ¢, ’ HFLAV [13] As before
B* — Dh* D — KOh*h- [31] Run 1&2  As before D= K*m cos 95", sindp”, (rp")*, o, y CLEO-c [27] New
Bt _s DhE D — KgKiﬂ_q: [32] Run 1&2 As before D— Ktn~ Aper, ATE™ rB7 cos 687 rEmgin 68  BESIII [28] New |
Bt s Dyt D — hth- 129] Run 1&2 As before D — hth=n® F{Mm Fleo CLEO-c [54] As before
Bty DK D —s h+h- 133] Run 1&2(%)  As before D — 7T++7r__7rt)7r_ }*;4(7;7TU R CLEO-c+BESIII (26, 54] Updated
B DR [N N 133] Run 1&2(*) As before D — Kiﬂ' b 7 1"},;37T , fgﬂ ,;5 CLEO-c+LHCb+BESIII  [55-57] As before
B* s DhErtne D s bt - (34 Run 1 As before D — K*nFntn [ZUAW(S KU,K/TFD e CLEO-c+LHCb+BESIIT  [49,55-57] As before
BY s DK*0 D = hth- [35] Run 1&2(%)  As before Do KK o™ rp 00T R CLEO o8 As before
B° — DK™ D — htonta™ [35] Run 1&2(*)  As before Do MK o L o A belore
B — DK*° D — Kirtn~ [36] Run 1 As before
B — D¥g* Dt — K nfnt [37] Run 1 As before
BY — DF¥K* DY — hth n™t [38] Run 1 As before
BY — DFK*rtr~ D} — hth 7t [39] Run 1&2 As before
D decay Observable(s) Ref. Dataset Status since
Ref. [14]
D% — hth~ AAcp [24,40,41] Run 1&2 As before
D' — K+K- Acp(K+EK™) [16,24,25] Run 2 New _I_ 3 5 °
D% — hth~ yop — Y& ™ [42] Run 1 As before o .
D° — hth~ yor — y&p ™ [15] Run 2 New y — o o
D% — hth~ AY [43-46] Run 1&2 As before — 3 . 7
D° — KTn~ (Single Tag)  R*, (2/%)2, y* [47] Run 1 As before
D° — K™n~ (Double Tag) R*, (2/*)2, y* [48] Run 1&2(*)  As before
D° — K*nFrta= (2% +9?)/4 [49] Run 1 As before
D° — Kdntm~ x,y [50] Run 1 As before
D° — Kintm~ xeop, Yop, Az, Ay [51] Run 1 As before
D° — Kdntm— Tep, Yop, Aw, Ay [52] Run 2 As before
D° — Kntr~ (= tag) Tep, Yop, Az, Ay [17] Run 2 New
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|ﬂpUt to LHCD )4 combination JHEP 12 (2021) 141

LHCDb BES lIl and others

B decay D decay Ref. Dataset Status since Decay Parameters Source Status since
Raf (141 Ref. [14]

BT = Hgf*i LHCb (33] As before

B . [ LHCDb (53] As before

»~  1oo much for one slide to be : B At

BE \ : ™) ¢s o HFLAV (13] As before

»-  readable. Key point: It's alot. ooenuin o
Fr o Fio CLEO-c [54] As before

o And there’'s more, e. g. | = CLEOBESTT posi]  Updated

4 I S S CLEO-c+LHCb+BESIII  [55-57] As before

Bi — I S S (S CLEO-c+LHCb+BESIIT  [49,55-57] As before

go __: g " 5?51(# K CLEO (58] As before
g LHCb (59] As before

»-  BES |l measurements on D —

B — — .

wo  Kartn~x® arXiv:2305.03975 (2023)

B? —

vis  K*K~m"z~ PRD 107 (2023) 3. 032009

DY —

DO o

o | 63 80+3 S

> LHCb measurements with Y = .0 _37

0 -+ -+
RO B-— DK-, D —
PO KK ntn,ntnntn
DO —

Do arXiv:2301.10328 (2023)

DY —

| T—— ——
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| HCb model-independent mixing with D° — Kezta™

Same BES | iInput also first observation of non-zero x —ATm .e.
critical for charm MIXIiNg of a mass difference between the two

charm mass eigenstates.

m2 [GeV3/c4]
ro

= (3. 98*8?2) x 1077,
y=(4.6712)x 107,
4/p| = 0.996 + 0.052,
¢ = 0.056" (51

Signal per (4.5 MeV%/¢*)?

LHCb: PRL 127 (2021) 11, 111801

Method: Phys.Rev. D99 (2019) no.1, 012007
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U Negligible theory uncertainty
Brod, Zupan JHEP 01 (2014) 051

- DO (5+7)
3 U U I‘B C DK/

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GL\W) 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
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rees and |OOpS LHCb: Nature Phys. 18 (2022) 1, 1-
— BY - D;nt — BY— BY » Doat  — Untaggec
+ ]

Z 2500 F 4
= )
S 2000 F AT

~ [
e 1500 fff

Trees LOOpS 2 ol o,y
V., xe™ ; |

b . i 750 _ Vis«€iPS.

_ b —— §
B . C O — 0
B Bs B
¢ :

_ _ K~ S —* b

U U

\/tscxeiBS

“New Physics” in trees generally seen as less likely than in loops. (Lenz et
al find however that there is room for NP in trees that could affect y by

several degrees.) In any case: would like to compare tees and loops.

JHEP 06 (2014) 040, JHEP 07 (2020) 177
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“New Physics” in trees generally seen as less likely than in loops. (Lenz et
al find however that there is room for NP in trees that could affect y by

several degrees.) In any case: would like to compare tees and loops.
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“New Physics” in trees generally seen as less likely than in loops. (Lenz et
al find however that there is room for NP in trees that could affect y by

several degrees.) In any case: would like to compare tees and loops.

JHEP 06 (2014) 040, JHEP 07 (2020) 177
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Unitarity triangle

geometric representation of Standard Model constraints

Shown are constraints on apex
of triangle from various
measurements (@)

ll
—l
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Unitarity triangle

before LHCDb

Shown are constraints on apex
of triangle from various

measurements (@®) and y ([

ll
—l
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Unitarity triangle

Now

Shown are constraints on apex
of triangle from various

measurements (@®) and y ([

ll
—l
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Unitarity triangle

What we're aiming for

There is a crack, a crack in everything
That's how the light gets in.
(Leonard Cohen)

i
—l
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Measurment of y with LHCb & BES |l data with
model-independent binned method.

5

BESIII: PRL 124 (2020) 24, 241802
BESIII: PRD 102 (2020) 5, 052008 LHCb: JHEP 02 (2021) 169

w" — DD Bt - DK B~ — DK™

| T _ _
S Y 2
R : % %
“2 ook o, <3
R : - -
L = cl?/)
T 0.5 \k_}/ E
Q4 - b
05 1.0 15 20 25 30 05 1.0 15 20 25 30
m?(KJnT) [GeVZ/cl m?(K3m~) [GeV?/c?]
. . . I 1-51"“|‘_“_'\ ““““““ T
best individual T = @] _ LHOb | 18] L
+ [ 2 LT T < -
measurement of y = X o4 ] Faedl e = o|
< @0 1 14 T 14
T 05:, ] Swm 503
o < 1.2 1 < 1.2
S | ] & & B~
Q % * gEI;BP:aOI‘ K/IOdel | | | |E 1‘0 i I I 1 ) I 1'0 1 |d.ecays| I 1 1
155 1 05 9 05 1 15 10 1.2 14 16 18 10 12 14 16 18
i m?(K{K™) [GeV?/c?] m? (KK ™) [GeV?/c]

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
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http://arxiv.org/abs/hep-ex/0406067
https://inspirehep.net/literature/1823424
https://inspirehep.net/literature/1782978
https://inspirehep.net/literature/1807448

Measurements of ¢;, s; at BES |l

Model-informed, optimised

binning
g 3:_I | | | | I: 8
> i _ ]
8 25 b - 7
ol - 16
S - -
2F b -
: s
1.5F - |4
: 13
1_ —
: 1 ]2
0.5F 1
PR S T S T TN T ST T NN ST WO ST N NN | IR

L |
0.5 1 1.5 2 2.5 3
m2 [GeV?/c]
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Measurements of ¢;, s; at BES |l

. . BESIII: PRL 124 (2020) 24, 241802
Model-informed, optimised o ® BESIII

o]lalal Nng (PRL 124 (2020) 24, 241802)

in DY —» Kgztn™  [cLeo-c
(PRD 82 (2010) 112006)

el ne sananasans sanss sans sanns 1t O model
= : 18 (,5@ - (PRD 98, 112012)
> - _b . - N i
S 25F - S osf
— B . 6 N n
NS' i . ~— i
2: 0 il N ” | 0_—
1.5F 34 «9 |
E E 3 -0.5[
B = i
L _ 2 i
B ) -1
05__. MRS BRSBTS B SR SRR |—- 1 C L. I | ] l |
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Model independent, binned v fit

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

* Binned decay rate:

+ — +\
I (B — D(Ksynn)K )f,, = 7; known from flavour-
T + 15T +2rg\/ T 7T {cicos (6 ) + sisin (6§ £ )} specifc D decays
/ /

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

3
- Binning such that such that ci = c.i, si = -s.i [

(R
|Bin numberl

- Distribution sensitive to ¢i, si, rs, 0 and .

* Ci, Si, measured at charm threshold.
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Model-independent, binned approach

¢ 8 o
Cg) 2.5/ ; —g
= f .-
g -
1.5 5 aa)

: 4

1 ‘3

0.5 I k)

N R - ST s S 1 ! "_1

‘ 1 2 3
m?(Kgr™) m?(Kgr™)

One complex number per bin-pair, ¢; + 1s;, contains the key
information uniquely accessible at CLEO-¢/BES Ill, which is
related to the phases the D" and D decay amplitudes.

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