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Outline

« Introduction
+» Method to measure y

«» Latest y results @ LHCb
« Joint measurement by LHCb & BESIII

« Future prospect of y

< Summary
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Why measure y

Vud Vus Vub y — aT'g (_ Vudvljb)
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Extrapolate y from measurement of o « Measure vy directly using tree-level
and B decays
Measured using loop-level decays: « Theoretically clean(éy/y<107)
sensitivity to NP [JHEP 1401(2014)051]
CKMFitter latest: y = (65.511-1)° « HFLAV latest: y = (65.9%33)°

Disagreement = New Physics!

« LHCb dominated: y = (63.8733)°
[LHCb-CONF-2022-003]



How to measure y directly

« Interference between favoured b->c and suppressed b—->u decay amplitude

+ ldeal decays: B->DK (clean background, large branching fraction)

.‘0 0.‘ ' L :- -.:
Voo T @ A

Clean test of standard model

A(b — u)/A(b — ¢) = rge?BE?

rg = magnitude ratio (~0.1)
dg = strong-phase difference



Evolution of y results

The y uncertainty through time

— 110
o® --®@-- CKMFitter: indirect meas. = - ! ! ]
’ " o b C 7
@ : . r
2 5 . CKMFitter (fllf&?t meas 100 - LHCb -
o .o --@- LHCb combinations - ]
> BaBar combination 90 - ]
S 201 @ Belle combination 20 E- .
z | : } ] + ]
g 70 - ]
5 o ® e fereee I ----------- t B
b .. e... / 60 .
g 10 1. e = .
_'g o Tttel, .._‘ 50
4= o--9.. & -
= 5 ° E EEEE" TIELL o0 4[]— l 1 1 | | | L
I Q- .@ Y 0y B .‘33 \qp {\ .‘3} @ %Q
& PRt LLIEEE SPPA S T A B A P
0 1 I I 1 1
2008 2010 2012 2014 2016 2018

year

« LHCDb dominates current world averages of direct y measurements
« The focus of this talk:
Method to measure vy

LHCDb latest results
Importance of the BESIII input



GLW method [1.2]

< D CP-even final states such as D9K+K',n+n',n+n'no~\ insert a factor of (2F,-1) before

interference terms (F,=CP even
D()K+ content),need charm input
\l
B* [hTh~]pK*

T DOk—T

Changing flavours: CA(B+ h+h ] K+) o4 1 + rBe_lS((SB"'Y)
sign of y changes A(B N [h+h ] K_) e 1+rBe_l(5B_y)

+ Use the yields of B+ and B- to construct observables + Disadvantage:

related to y = Multiple solutions
hh _ N(B- - [hh]DK_) - N(B+ - [hh]DK+) _ ZTB Siné}; Sin‘y 0 LOW StatIStIC
N(B_ - [hh]DK_) + N(B+ - [hh]DK+) Rhh

= Need input rg/dg
N(B~ - [hh]pK~) + N(B* - [hh]pK™*)

N(B - [K'JT]DK )+ N(B+ - [KTI']DK+)

R = =1+ 12 + 2rg cos 8 cos y

[1] M. Gronau and D. Wyler, Phys. Lett. B265 (1991) 172
[2] M. Gronau and D. London, Phys. Lett. B253 (1991) 483 6



ADS method!!:2]

+ Consider the Cabibbo-favored decay D°->K-n* and doubly-Cabibbo-
suppressed decay D> K*r-

o rpe _i((SB +Y)

B DUK™ o< 1
B+ _—— T K-+, K+

DKt

+
e rné

+ I'gldg can be obtained directly, but external input rp/dp

02 r+() >x() - .
[(B° ~ DK*®) () + 2" + Lo cos(s8° +(5)+y) ~ + Disadvantage:

[(B° - DR*0) o 12 % 12K + 26y rPX™® cos (82K % 8, — y) = rpis small
= For Knm, coherence factor «,,,
Need inputs from charm factory and .5, averaged over phase

space not good for whole space

[1] D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. Lett. 78 (1997) 3257 7
[2] D. Atwood, |. Dunietz, and A. Soni, Phys. Rev. D63 (2001) 036005



Dalitz method

+» Golden mode: D>K_ /KKK (large statistic, large rp)
= Model-dependent method (not used now)
= Model-independent binned method (BPGGSZ method!t))
<« Binned Dalitz plane according to 65, measure B* yields in each bins

= Sensitivity from phase-space distribution, not overall asymmetries - not impacted by
production/detection asymmetries

= LHCb latest K hh result: y = (68.7122)°(uncertainty~1° from BESIII input)

3.0 -
g exp[i(&B +y)] = X4 + iyi [JHEP.08(18)176] 8
//’~\\ 2.5 T
Nli o6 Fii + (12_ + }”2_)F$i + 2\/FiF—i(x;Cii + )’;Sii) g 9.0 . 5
\// M c% 5 ‘E
: . O.15- Vil
F; : Fractional yield of flavour ci/si : Strong phase difference of R B
tagged D° into bin i D° — DY decays Lo 3
2
Measul'ed in control channel: External input from CLEO-c 0.5 - )
B% - D*"'M'VNX measurement [1010.2817] . - - . : -
05 1.0 15 20 25 30
Superseded by BESIII s4 [GeVZ2/cl]

[1] A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68 (2003) 054018
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y from B - D[h*h'Tn®]h* decays

GLW+ADS method
n’ reconstruction is challenge..

Three D decays
= D - Knrn?(pictured)

= D - mann®

= D - KKn®
Two B decays
= Bt ->DK?

m Bt ->Dnt

Full Run 1&2 Data set

")/ = (561_%3[)90,

63 - (1221_23)01

rg = (9.3759) x 1072
Charm input

= 1, =0.0441 4 0.0011
= &, = (196 +11)°
= Kkp=0.79+0.04

= FI° =0.973 +0.017, FKK™ = 0.732 + 0.055 From CLEO-c 0.8fb, soon updated by BESII|
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y from BT - D[KTntntnT]ht decays

» Measure observables in 4 bins of D-decay phase-space (PLB 802(2020)135188)

LHCb PAPER 2022 017
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Comparable to golden mode!
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Maximum likelihood fit
m 173 observables
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= 52 free parameters

« Most precise determination of y by a
single experiment:

= (63 8+

LHCDb y combination

Best knowledge of y comes from
combination of many measurements

)O
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October 2022 —

B decay D decay Ref. Dataset Status since
Ref. [14]

B* — Dh* D — hth- [29] Run 1&2 As before
B* — Dh* D — htr—ntn=  [30] Run 1 As before
B* — Dh* D — K*nFrtne~  [18] Run 1&2 New

B* — Dh* D — hth=—n° [19] Run 1&2 Updated
B* — Dh* D — KShth~ [31] Run 1&2 As before
B* — Dh* D — K{K*r™ [32] Run 1&2 As before
B* — D*h* D — hth™ [29] Run 1&2 As before
B* - DK** D — hth~ [33] Run 1&2(*)  As before
B* - DK** D — htnntn— [33] Run 1&2(*) As before
B* = Dh*r*nx D — hth™ [34] Run 1 As before
B — DK*Y D — hth~ [35] Run 1&2(*)  As before
BY — DK*Y D — htrntn— [35] Run 1&2(*)  As before
BY - DK*Y D — Kintr~ [36] Run 1 As before
B’ = D¥r* Dt - K atnat [37] Run 1 As before
BY —» DFK#* Df = h*h~ =t [38] Run 1 As before
BY - DFK*ntn— Df — hth 7t [39] Run 1&2 As before
D decay Observable(s) Ref. Dataset Status since

Ref. [14]

D 5 hth™ AAcp [24,40,41] Run 1&2 As before
D = K*K- Acp(K+K-) [16,24,25] Run 2 New

D" — hth- yep — Y5 ™ [42] Run 1 As before
D° — hth- Yep — Y& [15] Run 2 New

D" — h*h~ AY [43-46] Run 1&2 As before
D" — K+~ (Single Tag) R*, (/)% y* [47] Run 1 As before
D" — K*7~ (Double Tag) R*, (z'*)? y'* [48] Run 1&2(*)  As before
D' — K*nFptm™ (z2+y%)/4 [49] Run 1 As before
DY — Kdntrm~ T,y [50] Run 1 As before
DY — Kdntm rep, Yor, Az, Ay [51] Run 1 As before
DY — Kdntm— Teps Yop, Az, Ay [52] Run 2 As before
DY — Kdntn™ (= tag) rep, Yep, Az, Ay [17] Run 2 New
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Quantum correlated DD measurement

+ y(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)]:

['(F|G) =T, [AzA% + AZAZ

— 2RpR;ApArAgAgcos[h — 65]]

The coherence factor k- and the strong phase difference §, can be extracted

+

CP—Elgenstate

/

DT ,+ "'""/"@ Opposite CP-eigenstate

ni *
~
tt T

The DT mode K*K™ vs. K.°t*nt~ is selected as an example.

v Single tag (ST) samples:

decay products of only one D meson are
reconstructed

v Double tag (DT) samples:

decay products of both D mesons are

reconstructed

v Some typical reconstructed D decay modes
Tag group
Flavor K'n~,K'a n, K" n n ,Kte v,
C' P-even KtK-.ntnw ]\() “, 0 1\}» u. x+x— 0
C' P-odd Ks=n°’, Ksn, Ksw, K ”r)' Kin’=°
Mixed-C' P Ken*n

12



Unbinned model-independent method

« Basic idea: Bins = Events (Eur. Phys. J. C, 2018, 78(2))

e N
= Make most use of amplitude info in phase space S
< Fourier expansion the amplitude by strong phase S
m Parameters definition similar to BPGGSZ method
. —f” = hB{a + *rBaDi + 2] I y+' * Xy =1gcos(dp T y)
« bEF = hp{—bDF + rEb)* £ 2[x,bS —y,a]} * Y« =71psin(dp £y)

o ab* = hp{al* +rZal¥ +2[x_al Fy_al]}

o b2E = hy{bE* — 1rZ2bD¥ + 2[x_bS + y_b3]} B sector

b
vy

(] (1
ot R B3 D PR 03 el L3

1.5F

0.5}

m? (GeV?)

e q'Pt = hﬂf{an_ +1r2al¥ — 2Rprp[cos(8p)al £sin(Sp) a3l * Acp =2F —1

n

o atft = heplal® + al¥F —22pab D N
¢ aﬁ-‘}ﬂi"‘ = hDD [(1 D+ + af:l_'_ 'D+ 2(':16 a(’,‘ + an m)] Sec Or

LHCDb&BESIII joint analysis is ongoing

13



Future prospects fory @ LHCb

X

LHCb

-

Full combination

World average

includes Belle Il
projections

World Average

017 23 50

300

Integrated Luminosity [fb™!]

Status now:

= Error for y is about 4°

= BESIII contribute about 1°

Around 2030

= Less than 1° will be achieved

= BESIII 20fb1 data = improve the error to <0.5°
(>)2035

= LHCb upgradell - sensitivity <0.4°

= Need more charm factory data (STCF)

s/ BUHAR 0 R BSLBy I L

LHCb Runl (7,8TeV) 3 fbl 2012 8o
LHCb Run2 (13TeV) 6 fb- 2018 40
Bellell Run 50 ab? 2025 1-2°
LHCb upgrade (14TeV) 50 fb! 2030 <1°
LHCb upgradell (14TeV) 200 fbt (>)2035 <0.4°

14



Summary
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« 10 years of measurements have been game changing for flavor physics

« Now precision of < 4°, many more modes still to add!

» v no longer the least precisely known of the weak phases!

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

2.0

Thank you!
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backup
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Input parameters

Decay Parameters Source Ref. Status since
Ref. [14]

B* = DK** Rk LHCb [33] As before
BY » DK+0 chf{" " LHCh 53] As hefore
BY - D¥ g+ 3 HFLAV [13] As before
B? — DFK*(nm) o HFLAV [13] As before
D— Ktn- cos 087 sin ok~ (ri7)2 22,y CLEO-c [27] New
D— Kta Ay, A}r{’:r“n, ri™ cos 087, riTsindk®  BESIII 28] New

D — hth—7° F:ﬁn, FEKKH CLEO-¢ [54] As before
D atr~nta~ Ff CLEQ-c+BESIII 26, 54] Updated
D — K+g—x® pKmn® gEwn® o Kaa® CLEQO-c+LHCb+BESIIT  [55-57] As before
D — K*pFgtg~ phsn gEin o Kix CLEO-c+LHCb+BESIII  [49.55-57] As before
D — KK*n*¥ TEEKH._ JEEK“, Fcﬁﬂkﬁ CLEO 58] As before
D — KeK*r* ngkﬁ LHCb [59] As hefore
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