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Why measure y

Indirect measurement
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Extrapolate y from measurement
of a and 3

Measured using loop-level decays:

sensitivity to NP
CKMFitter latest: y = (65.5711)°

Disagreement = New Physics!
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* Measure y directly using tree-
level decays
« Theoretically clean(8y/y<107)
[JHEP 1401(2014)051]
« HFLAV latest: y = (65.913:3)°

LHCb dominated: y = (65.413%)°
[JHEP 12(2021)141]
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How to measure y directly

» |nterference between favoured b—->c¢ and suppressed b—>u
decay amplitude

» |deal decays: B>DK

o rBe _E(SB +Y)

DUK*
\

B~ fIpK™
DOkt —

rp = magnitude ratio (~0.1) where f is some final state
8 = strong-phase difference accessible to both D? and D°
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Select y combinations through time (1o conf. intervals)

Evolution of y results

The y uncertainty through time

*® --®-. CKMFitter: indirect meas. = C ]
90 - No CKMFitter value o --®-. CKMFitter: direct meas. 100 - -
for 2017 g, g %] ..o @+ LHCb combinations E LHCb ]
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Babar combination T ¢ 0. .o .8 o0 ..o a0 ' ' ' ' ' : ' : -
4 i i Q00 --Q.... L TTTTTITT
30 | | :,[ Belle co:‘nblnatmn | . . | . . . ® %Q{b %Q\b& %Q{o %Q{o %Qx %Q{b %QQ.\ %qu %Qq.} %Qrﬂ.;
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» | HCb dominates current world averages of direct y measurements

» The focus of this falk:
» | HCb latest results

» The LHCb y combination and a look towards the future
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GLW methodll 2

» Consider CP-even final states such as D2>K*K-,nttr

DOK*—_ «1
B+ T [h*h~],K*

T DOkt—T1

Changing flavours: CA(B-I_ [h+h ] K+) x 1 +T' e —i(6p+y)
sign of y changes A(B N h+h ]DK )O( 1-|-T'Be 1(53 ’}’)

e CRFRER 02 [1] M. Gronau and D. Wyler, Phys. Lett. B265 (1991) 172
[2] M. Gronau and D. London, Phys. Lett. B253 (1991) 483




GLW method

» Use the yields of B+ and B- to construct observables related to y

» Asymmetry between flavors:

_ N(B— - [hh]DK_) — N(B+ - [hh]pK+) _ ZTB SiﬂSB Siﬂ}’
" N(B- - [hh]pK~) + N(B* - [hh]pK*) Rhh

hh

» Ratio of total yield w.r.t Cabibbo-favored decay Kn

th —
N(B~ = [Km]|pK~) + N(B* = [Kr]pK™)

=14 1% + 2rgcos Sz cosy

» Can also use D> nn: insert a factor of (2F,-1) before interference
terms (F,.=CP even content = 0.769+-0.023[")
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ADS methodl!! 2l

» Consider the Cabibbo-favored decay D->K-rn* and doubly-Cabibbo-
suppressed decay DO>K*

«rgemi@st)_ DO+
B+ T~ [K-mt]pK*

DKt

» Treatf similarly to GLW, except the input D parameters rp and dp

» Can also use D>K3rn, with a coherence factor kg4, and ry; and &y, averaged
over phase space

02 RTK [(B® - [n~K*]pK*%) —
I'(B° - DK*° o<'+ X7 + Z‘DK cos(82K™ +@+ = TT(B°- [K-n*]pK" - —
( ) B ( B )’) (s [K~m*]pK*") =~  RTX % R™ - CP violation!

I'(B° -» DK*°) « 70\{(‘ + 2mf Cos(fg’(/dl, Y) RTK = [(B° - [t*K~]pK*) ’

['(B® - [K*n]pK*°)

Need inputs from charm factory

B OAERTR02 [1] D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. Lett. 78 (1997) 3257

[2] D. Atwood, |. Dunietz, and A. Soni, Phys. Rev. D63 (2001) 036005



BPGGSZ method!]

» Dijvide the phase space of D>Ksh*h- decays into bins and measure

the yields of B* and B-in each

» Analysis is independent of modelling of D decay

» Sensitivity from phase-space distribution, not overall asymmetries 2 not

iImpacted by production/detection asymmetries

rg exp[i(dp £ ¥)] = x4 + iy,
//\
N3 < Fyj+ (% + y2)F5i + 2\FiF _j(xicei F y1540)
\’_‘,’,_///",,4 /

F; : Fractional yield of flavour ci/si : Strong phase difference of
tagged D? into bin i D° — DY decays

Measured in control channel: External input from CLEO-c
B® -» D**u v, X measurement [1010.2817]
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[JHEP.08(18)176]
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[1]1 A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68 (2003) 054018



y from B — D[hTh'Tn%]ht decays

» 10 reconsfruction is 1 Licy Lhcy
404 D )
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y from B* - D[KTnintnt|ht decays

®» Measure observables in 4 bins of D-decay phase-space (PLB 802(2020)135188)
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LHCb y combination [LHCb-CONF-2021-001]

» Best knowledge of y comes from
combination of many measuremen

» Maximum likelihood fit
» |51 observables

» 52 free parameters

NEW!
= Most precise determination of y by a
single experiment:

7= (65.4753)
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B decay D decay Data set

Bt — Dh* D — h™h™ Run 1&2

B* — Dh* D—htm w7 Runl

B+ — Dh+ D — hth 7=° Run 1

B+ — Dh= D — KYh*h~™ Run 1&2

B* — Dh* D K)K*7™ Run 1&2

Bt - DK** D— h'h Run 1&15/16
B* - DK** D— htn 7 7t  Run 1&15/16
B* — Dh¥ntn— D — h*n~n~7nt  Run

B = DK*° D — hth™ Run 1&15/16
BY - DK*° D — hta 7 a"  Run 1&15/16
BY - DK*Y D — K’h"h Run 1

B - DTnt D" - K n'rxt Run 1

BY — DIK* D = hth nt Run 1

B — DIK*n"n~ DI — h"h™nt Run 1&2

D decay Observable(s) Data set

D° — h'h AAeqp Run 1&2

D° — h'h Yop Run 1

DY — hth- AY Run 1&2

D — K*r~ (Single Tag) R~ (x'F)%, y'* Run 1

D° — K*7~ (Double Tag) R=, (2'*)% y'* Run 1&15/16
D° - KEntrta— (2% + 9%)/4 Run 1

D — K{n'x T,y Run 1

D% — Kdn'x TopYop, Az, Ay  Run 1&2

+ Critical input from BES-III (/CLEO-c) for D decay parameters

JHEP 12(2021)141



Results across different B decays

. 1 ' '
'_] - [
» Results are dominated by B+ decays Q_I;, LHCb

1

» New physics could lead to different
results in different B decays

» Different B modes agree at 2c level

a0 60 70 80 90
challenges and systematics: y [°]

» Different modes have different

» |mportant to check consistency
between modes
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Results across dlfferenf D decays

0.2 ' m I =
|:| B oD, P—hhn'/h3n 0_
%:Eh I B'—DPhY, DP—Kghh LHCb L L LHCb—
| B>D'H, Dk h* Q
I All B'— D' modes « - -
0.15~ = Beauty and Charm n 100

0.1 _ 0 [ B'SDH, D"—)bbﬁ"thﬁ% —

I B*=DPH, DP—KJhh
[ B =D, D’=HEh"
i 7 oL I All B*—>IPh" modes _
|I| Beauty and Charm

| | | | L | | - L | | =
0.05 50 100 150 0 50 100 150

7 ] 7 [°]

» ADS/GLW: several narrow solutions
» GGSZ: single, wider solution

»  Analysing different modes serves as a useful cross-check: results have different
sources of systematic uncertainty, but should agree

BESIISEES F£285. QCDRFIIRIHINS2022
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vy Measurement of B? - D¢ decays

» B _result based on B.>D.K and DKnr with large uncertainty

—> Additional B, will help improve the measurement precision

» By using expected event yields for 5 D sub-modes(3 flavor and 2 CP), we
have shown that a precision on y of about 8~19° with LHCb full data set

- Comparable to now combined B, result: y = (79%31)°

BESIISEES F£2985. QCDRFPIRIHINS2022

Chin. Phys. C 45 (2021) 2, 023003




Quantum correlated DD measurement

» (3770) is a spin -1 states, therefore the amplitude of y(3770)>DD:

(|D°)| D% —|D°)|D%))/\2 [anti-symmetric wave function]

The amplitude for two D mesons to decay to states F_and G_is [D. Atwood and A. Soni, PRD68, 033003 (2003)]:
I'(F|G) =T, [A% Az + A% Az — 2RpRArArA;AcoOS[6h — 53]]

The coherence factor R and the strong phase difference 5 can be extracted

K+ v’ Single tag (ST) samples:
ST CP—Elgenstate decay products of only one D meson are
\K_ reconstructed
> @ < v Double tag (DT) samples:
et e
J decay products of both D mesons are
tructed
DT o+ "'"—® Opposite CP-eigenstate IEcuns
ra P 8 v" Some typical reconstructed D decay modes
T
Tag group
N \Tl:* Flavor K'=",K's n,K'n « ke Py
TT il il 0 ) () () 0
The DT mode K*K™ vs. K rt*nt~ is selected as an example. CP-even K [\“ oy o, K T{ 1\ (" '“ T, o
C'P-odd Ks=°, K3n, K sw I\ u) 1

BESIISEES 42385, QCDR IR ITA2022 Mixed-C'P Kgn




New BESIII strong phase inputs

» Measured using quantum-correlated DDbar meson pairs from
Y(3770) decays

» Current CLEO inputs contribute ~3.9° uncertainty to vy

(po) 2.93 fb~1

3000 -
2500
2000 -
1500 -
1000 -
500 -

MARKI DELCO MARKII MARKIII BESII CLEOc BESII

« New BESIII results: o
On average,2.5(2.0)X more precise for ci(si) than CLEO
Expect associated uncertainty on y to decrease by factor of 3

BESIISEES F£2985. QCDRFPIRIHINS2022
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PRL124,241802(2020)



Other related measurements @ CLEO
BESIII intends to expand the programme performed at CLEO.

[PLB757, 520(2016)]

[PRD82, 112006(2010)]
- — [PRDS85, 092016(2012)] [HEP 01 (2018) 082]
E D9K50K+K~ g’ ED% K_TC+TE+TE_ 150 I'.-l -' I I I I I
i T 300F — Rxgm =0.70 + 0.08 I D>K ot n?
.;:,n C 100 > [~ E
" F L KK '
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-05 |- 1501 © ]
E 1005_ 50~ 10 -0.5F N .
i Statistical - =100~ = : N I ‘
E o -1 .
skl mion [N =3 S0Combined CLEO&LHCb results | .isol  # BestFi [ F, = 0.238 £ 0.012 +0.012]
Ei T S S E it i dae e Bt e~ Y T S B Y ¥ S T v
- T % 0.10203040506070809 1 ©°4 05 o8 07 o8 os 1 IS # 8
Ci RKSn RK:KK
Equal As*™ binning . Ncpy
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ik D%T[JL' T T[ “1 N Ncp+ -+ NCP—
$ p ,J\. . M |0()_ T I ( ) ] l()(;b T T (b) ] e D97'C+T[_T[() K+K_T[()
¢ -~ 9 -~ b i a R — - 1 ’
0.5} 5 i @ l@' 1 ; gof CP-even . ; g0 CP-odd % 1e D On*mmtn-
of . O | = 60F | 1 3 e0f f 1 [PLB740, 1(2015); PLB 747, 9 (2015)]
| o) ol b ! f:l : 1
—0sF  © ( 5 405H ; K 1 240 t 1+ 8,%" was also measured by using
s | 5 obt Mty ++#+ 1 80 1 quantum-correlated data at CLEO,
-1 i = 1 Y DT T 4 ; ixing i i
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[PRD78,012001 & PRL100,22 1801]



Improved BPGGSZ method

» Basic idea: Split events into bins

» Make most use of amplitude info in phase space
®» Opbservables
» pp(2) = 1Ap(D|%, pp(2) = |[Ap(2)[* E=0mimd) ...
» pp(2) & pp(2) + 15pp(2) + 2[x_C(2) + y_S(2) YT Gty

C(z) = Re[A}(2)Ap(2)] S(z) =Im[A}(2)Ap(z)]

» Reform BPGGSZ method by p(2) = [w(2)p(2)dz

* Binned BPGGSZ:

= .

1,D, s

Nf=/wi(x)p3(x)dx, w; = &
D 0, otherwise 1=

* Change w; to Fourier coefficients: Bin — Point.

P . [ R
05 1 15 2 25 3
mHpi

B — d
‘ LPB(@COS(H@ » Eur. Phys. J. C, 2018, 78(2)



Analysis method

» [Fourier coefficients:
= p(2) > pt(p) -2 + M [a;; cos(ng) + by sin(ng)]

» EQUOTIOHS. :—Zcos(ndJ) b,’,’:lZsin(n(bi).
= %5

af* = hp{al™ +rjal® +2[xfaf fryguil} ¢ xe = 75 cos(ds 1)
b+ = hp{—bDF + rZb2* £ 2[x,bS —y,al]} * Vi =71psin(ds LV)

al® = hg{al* + rZal* + 2[x_a F y_as]}

bi* = hg{bl* — rZbP¥ + 2[x_bS + y_b3]} B sector

ay* = th{an— +1r2al¥ — 2Rprp[cos(6p)al +sin(Sp) aj]l} ¢ Acp =2F -1
alF* = heplal® + a2¥ —24.pat
alP*E = o [aPFalt + alFalE - 2(aal + aSad)] D sector

LHCb&BESIII joint analysis is ongoing

m? (GeV?)
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Precision when disfavoured solutions are ignored

LHCb-PUB-2018-009]
LHCb
v ADS/GLW only
Y
Belle Il @ 50 ab™? s '
x  B* - DK* . Y
B* — D'K*
v B*f 5 DK -
+  BY— DK*
5 23 50 300

[ntegrated Luminosity [fb™]

1 AT | ™t ° T
GGsz st | |GLW/ADS 5f" [ HCbA
— 7] GGSZ 300" [77] GLW/ADS 300fb .

. B*—>DK* only

L —t_a_1
80 100

QCD A F BT 52022

10

5.

0.1

x LHCb
B* -+ DK* GGSZ

+
*x -

get stuck at ~3.9°[?] x

x  With +/N improvement
+  With current CLEO ¢;, s;

5 23 50 300
Integrated Luminosity [fb~]

+X

x  LHCb
+  World Average

23 50 300
Integrated Luminosity [fb~!]

Future prospects for y @ LHCb

GGS1Z

Full
combination

World average

includes Belle Il
projections

[LHCb-PUB-2018-009]



Summary

1 -5 [ T 17T | T 1T I T T T | T T | LI I L | | 1 .5 T T T | T T T T 1T | T 1T T T 7T T T T
I exphuded area has CL = 0.95 . i [ [excleded area has GL > 0,95 % =
[ v % ] r Y % ]
1.0 : u 1.0 - | 2 _ —
i ] n /f» Lo, & AM 7]
05 |- 0.5 — 1
I 001 IR F oo —» T oo B P> -
- C e
" or \ :
'1 .D ) E EK - _1 -D __ 'Y = EK __
B é!:(h’f i Y sol i cos 2 <0 . : ! sol. wicos2f<0 o
ICHEP 10 : (eel, atGL > 0.95) | - Sparpat | {excl, st GL > 0.95) |
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-1.0 -0.5 0.0 05 1.0 1.5 20 -1.0 =0.5 0.0 0.5 1.0 1.5 2.0
p

10 years of measurements have been game changing for flavor physics
vy No longer the least precisely known of the weak phases!
Now precision of < 4°, many more modes still to add!

BESIII (STCF) will play important roles for the charm inputs

BESIIISEES F5R®8S. QCDAFIIRIAIYS2022

Thank you!
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Toy study (LHCb+BESIII)

= Model
» Signal D>Kgnn: BELLE 2010 model

» Quanfum-coherence Ddbar MC
» Signal & background yields: published paper
» Efficiency from signal MC

decay channel signal yield | decay channel signal yield
B - DK 15k | B = D= 221k
Klmm vs. quasi-flav. 23k | K{'m= vs. quasi-flav. 41k
Kdnm vs. CP+ 2.5k | Kpnm vs. CP+ 5.0k
K$nm vs. CP— 1.7k | K{nm vs. CP— 1.5k
Kinm vs. Ko 18k | Kinw vs. KSnmw 3.4k



Toy fest

» Test the precision under 4 methods by 1000 toy MC samples
» BPGGSZ method
» Model-dependent method

» [Fourier method with expansion order M=3
» Fourier+Legendre method with expansion order M=2, M,=2
» Expansion order is limited by statistics

» Efficiency and background are not included

» Test the y precision: (input y(75%), 6£%(130°), §8™(300%), r£¥(0.09), r2™(0.005). )

Method | v | B o) | rBRIx107] | rTix 10

Unbinned MD 7499 £3.77 130.02 £ 3.63 300 £17 8.96 + 0.58 5.04 + 1.52
Binned 7495+ 4.70 130:29 + 5.59 300 £ 22 8.67 £ 0.76 491+ 180
3" Fourier 75.15 + 4.23 130.04 £ 4.52 300 £ 21 899 £ 0.70 501+ 1.80
2+2 Fourier + Legendre 75.07 £ 3.88 12999 + 4.28 300 £ 18 8.91 £ 0.63 5.01 + 1.57

3™ Fourier (smear) 75.13 + 4.23 130.45 + 4.53 300 £21 898 +£0.71 501+ 1.80




