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Extrapolate y from measurements of a and
Measured using loop-level decays: sensitivity
to new physics

Vib | — Vi, = [Vple™
Vcb
Vib Direct measurement:
; E
AOAA : AOAIGA ' ‘OfBA ' ALO

* Measurey direc?ly using tree-level decays
e Theoretically clean (i—y < 1077)

» LHCbresult:y = (74.0722)°

CKMFitter result: y = (65.6519:57)°

Disagreement =
NEW PHYSICS!
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* We need a b — u quark transition, so that V,,;, is in the amplitude

* We need interference, so that the squared amplitude is sensitive to the
phase of V,;;,

* |deal decays: B¥ - DK* (and similar, e.q. B - D*K*,B% - DK*0..)

DK™
\

o rBe_i(SB+Y)

+ (Flp KT
B flpK
x 1 D K . .
rg = magnitude ratio (~0.1) where f is some final state
8y = strong-phase difference accessible to both D and D°
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p Current status of LHCb analyses  oxrorp

3 fb-1 Run 1 data set / Includes 2 fb-1 2015/16 data set

| BroDkt IBTo Dt | BOo DK BT o DK BT o DKt

hth™ PLB.777(18)16 Dalitz method: JHEP.17(17)156 PRD.92(15)112005 Part. Reco:
PRD.93(16)112018 PLB.777(18)16
JHEP.08(19)41

ﬂ =R PLB.760(16)117 JHEP.08(19)41 JHEP17(17)156
h+h‘n° PRD.91(25)112014
PLB.760(16)117 JHEP.08(19)41 JHEP17(17)156  PRD.92(15)112005
K+n PLB.760(16)117 JHEP.08(19)41 JHEP17(17)156
PRD.91(25)112014

GGSZ h+h— JHEP.10(14)97 MD: JHEP.O8(16)137
JHEP.08(18)176 MI: JHEP.O6(16)131

Time dependent BY - D K* Hero3(18)591:and B —» DTt (HEPO6(18)84]
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e First, consider CP-even final statessuchas D - K™K~ ,mtm~

oC rBe_i(6B+y)

0+
e DR~

B+

Changing flavours:
sign of y changes

[h"h™]pK™

\Eolﬁ/ml

A(BT -
<A(B —

h*th™]pK") x 1 -

_ T'Be_l(5B+y)

hth™]pK7) <1 -

_ rBe_l(5B_Y)

[1] M. Gronau and D. Wyler, Phys. Lett. B265 (1991) 172
[2] M. Gronau and D. London, Phys. Lett. B253 (1991) 483
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D final states: GLW modes ) OXFORD

* Use the yields of BT and B~ to construct observables related to y
* Asymmetry between flavours:

_ N(B™ - [hh]pK™) = N(B™ - [hh]pK™)  2rgsindgsiny
" N(B~ - [hh]pK™) + N(B* - [hh]pK*t) Rhh

Ahh

* Ratio of total yield w.r.t. Cabibbo-favoured decay D — Km:

_ N(B™ - [hh]pK™) + N(B™ - [hh]pK™)
" N(B~ - [Kn]pK~) + N(B* - [Kr]p,K1)

R =1+ 715 + 2rg cos g cosy

e Canalsouse D » wtm~m ™ insert a factor of 2F, — 1 before interference terms

(F,= CP-even content = 0.769 + 0.023["])
[1]1JHEP 01 (2018) 144
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D final states: ADS modes!12] @ &xrorp

« Consider the Cabibbo-favoured decay D® - K~w* and doubly-Cabibbo-suppressed
decay DY - K*mr™:

[0'¢ rBe_i(SB-l'y)

DKt s
B7 _— \‘[K_T['"]DK+

T — DKt

* Treat similarly to GLW, except we also need to input D decay parameters rp and 6p

« Canalsouse D® - K*nTrntm~, with a coherence factor Rgs,;, and 53" and 6537

averaged over phase space
[1] D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. Lett. 78 (1997) 3257
[2] D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. D63 (2001) 036005
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* New result using 5 fb~' of data (2011 — 2016) [JHEP0O8(2019)041]

e Reconstruct K*° from K*m~, using sign of kaon to tag B® flavour

e Use coherence factor k = 0.958%9-905011t+5 account for non-resonant B® - DK~
0.046

* Unlike B* - DK¥, both B decays are colour suppressed:

* This means larger interference terms and more CPV (but lower yields)
[1] Phys. Rev. D93 (2016) 112018
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https://doi.org/10.1007/JHEP08(2019)041
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N C _ ] ~ C — B K ] KK
+1r— |~ 60F B+_’DK+ .- ~ 60F B—DK" 3 R®*f = 0.92 4+ 0.10 + 0.02
D—->K™K o L Bl B —>DK'mm* 2 &k W B-DR T 3 nm
g B DKC g ms—pxr°e 4 A™ =-0.18+ 0.14 + 0.01
= e B'-»Dr . = B’—>Dnn . T _
F% BO—>D*K*0 — g FO—)D*F*O — R —_— 1.32 i 0.19 i 0-03
O et o e O . -
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m([KK],K™) [MeV/c?] m(IKK] K ) [MeV/c?]
v . Daa ERER e Data Corrected for:
E ;g“ T 3 E ;f:“ N » Selection efficiencies
omboinatorial —J omoinatoria .
© —BSDEY 3 © o5 — BDK " * Detection charge
+ = |= — B)-»DK" E g — B,—DK"™ i
— ~ § — ~
D-n"m > W DK T > 20 5 DK T asoymnjﬁtnes |
g W BoDKY 3§ }5 . BoDK” « B%— B° production
S Eobrr 103 (5) Eoprm asymmetry
S R S . E S Y v , 3
_75400 5600 5800 5000 52008~ 5400 5600 5800
m((nm) K ) [MeV/c?] m([nn] K ™) [MeV/c?] [JHEPO8(2019)041]
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https://doi.org/10.1007/JHEP08(2019)041
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B” decays B” decays First observation! 8.4¢

/

L . D SRR D
% 4o LHCD — Fit 13 — Fit E
p= B Combinatorial > Bl Combinatorial
D — 4‘7-[ E —B—)DK *#() _z \‘2 B()_)DK*() _z
g — B{-»DK" 3 g — B,>DK™ =
% Bl B >DK e 3 % Bl B’ —>DK'tn* 3
§ B B'SDK® = § BB SDKY 3
5 M B-»Dr 2 S i BsDrm 3
E B 3 B-D'K® 3
@) E @) . $os test s 7
5000 5206, _ 5400 5600 5800 5000 5206 _ 5400 5600 5800

m([nnnn] K ) [MeV/c?] m([nnnn] K™°) [MeV/c?]

Results:
A% = —0.03 + 0.15 + 0.01
R*" = 1.01+0.16 + 0.04
[JHEPO8(2019)041]
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https://doi.org/10.1007/JHEP08(2019)041
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https://doi.org/10.1007/JHEP08(2019)041
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Contours contain the 68.3%,95.5% and 99.7% C.L. Contours contain the 68.3%, 95.5% and 99.7% C.L.
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* Multiple solutions for y and dg
World-best measurement of rz = 0.265 + 0.023 (50% increase in precision vs.
previous measurement)
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» Divide the phase space of D — Keh*h™~ decays into bins and
measure the yields of B¥ and B~ in each

* Sensitivity comes from phase-space distribution, not overall

Optimal binning scheme:

IBin numberl

Measure observables x 4 and y4
rpexp[i(6p £ ¥)] = x4 + iy4

e NV B« N .

05 1 15 2 25

m? [GeV?/c*]
Ni; o Foy+ (02 + y2) gy + 24 FiF_; (x —cyy F -545)
/ / 1 !
F; : fractional yield of flavor-tagged D° decays in bin i c;/s; : strong phase difference of
Measured in control channel: B - D**u~v, X D° — D° decays in bin i

External input from CLEO measurement
[11 A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68 (2003) 054018
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Latest GGSZ results ) OXFORD

« Analysis of Bf - DK*,D - Kdh*th™ with 2015 & 2016 data [JHEP.08(18)176]

Observables: H rgexp[i(ép £ V)] = x4 + iys
x=(9.0+17+0.7+04)x1072 =N , . . | .
y.=( 214+22+05+1.1)x107? 01L LHCb ~

x, =(=7.7+174+0.7 +04)x1072

y.=(—1.0+19+0.44+09)x1072
Statistical Uncertainty from
uncertainty CLEO inputs

Analysis-related
systematic uncertainty -

Currently statistically limited 0]

_ (87+11 o  Most precise y measurement
Y = ~-12 - -
from a single analysis!
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* Measurements of the strong-phase parameters c; and s; are needed to make the GGSZ
analysis model independent

* Measured using quantum-correlated D°D® meson pairs from 1(3770) decays

* Current CLEO inputs contribute ~3.9° uncertainty to y From L Li's talk at Beauty 2019
(pb?) 2.93 fb~1@3.773 GeV
New BESII results: 3000
2500 +
 Onaverage, 2.5(2.0) X 2w
more precise for c;(s;) - 0.818 b~
than CLEO 500 - ‘ I
[ J Expect aSSOCIated 0 —MARKI DELCO MARKII MARKIII BESII CLEOc BESII )5
uncertainty on y to o Model results /’U
decrease by factor of 3 = 2010 CLEO results -l 1
= Preliminary BESIII results 1.0 05 00 05 1.0
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e The only y measurement involving a By is a

0.2} | N

Run 1 analysis of BY — D K*[1] of Bt
* Inteference between mixing and decay amplitudes ~02f .
gives sensitivity toy — 2[5 o4k ]
* Input world-average of 28, from HFLAV 0 01 02 03
t(B;— D, K") modulo (27/Am,) [ps]
a1r | ™ :
: 0 Fo+ 4+ - T o5 LHCD ]
* New analysis of By = DS K*m"m™ using Run 8
1 + Run 2 data currently under internal review 06~ 1287, g
04 G839 , o
ol -
- 955% B
0 50 100 150
[1] JHEP.03(18)59 v [°]
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LHCb gamma combination [Lucb-conr-2018-002] ‘%' OXFORD

* Best knowledge of y comes from

.. ¥ — 2
combining many measurements L’JI) . LHCb 1
. . . . — __ Prelimina __
« Maximum likelihood fit 08 :
« 98 observables - £50 N
0.6 740755 ]
* 40 free parameters - 5 -
. L 0.4 .
* Most precise determination of y by a - 683% A
single experiment: 025 | | -
BN STSRCR N

— +5.0")o 07" "6 70 80 9
Y = (74-0—5.8 y [°]
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M T T T I T of_| I ]
Q Pl
L LHCb | o LHCb
Preliminary Q «l50 — Preliminary
0.15+ - ® e . 0
_ B"™—>DK™, D—h3n/hh'n
100 - - B*—>DK*, D—>K'hh
0.1 —
I i . B*—>DK", D>KK/Kr/ nn
0.05— — S0~ 7 - All B" modes
7 i | Full LHCb Combination
0 1 | 1 | 1 | 1 0 1 | 1 | 1 |
0 50 100 150 o 0 50 100 150 o
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
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Results across different B decays ‘& oxrorp

1 l
n i | | ] ,
Ql) - LHCD - ] BZ decays
— 0.8 Preliminary _ | B decays
: _ B B* decays
0.6 — _ B Combination
0.4 __68 - |+ Results are dominated by B* decays
(90070 A S 1 Different B modes agree at 2o level
0.2 » |Important to check consistency
- 95.5% between modes
............................ . .
00 50 100 150

Yy [°]
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3 fb-1 Run 1 data set / Includes 2 fb-1 2015/16 data set

| BroDkt IBToDmt | BOo DK BT o DK B o DKt

hth™ PLB.777(18)16 JHEP.08(19)41 JHEP.17(17)156 PRD.92(15)112005 Part. Reco:
Dalitz method: PLB.777(18)16
PRD.93(16)112018

ﬂ e PLB.760(16)117 JHEP.08(19)41 JHEP17(17)156
h+h‘n° PRD.91(25)112014
PLB.760(16)117 JHEP.08(19)41 JHEP17(17)156  PRD.92(15)112005
K+n PLB.760(16)117 JHEP.08(19)41 JHEP17(17)156
PRD.91(25)112014 ° I\/\any updates using the full
GGSZ KSO B JJ|-|HEEPPS 80((11;;)19776 AK\A?ZJJ: EEFE) g g ((11e§5 ))113317 . TaR ;Jgnetz pdl’ZtC?SSig JF[1 f/\(/)ir’-trfzI r;% ;?J(F)an
PLB.733(14)36 data: a(y) = 4°

Time dependent BY —» DS K* pHero3(18)591and B —» DTt (HEPO6(18)84]
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[LHCb-PUB-2018-009]
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» Previous analyses with D = KEfntr*m~ measure asymmetries
integrated across the full D phase space

* Interference terms are multiplied by coherence factor:
Ri3sn = 0432513

* Due to this low coherence factor, interference effects are diluted
— the full power of this mode isn't being harnessed!

[1] Phys. Lett. B757 (2016) 520
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* A better approach is proposed by T. Evans, J. Libby, S. Malde, G.

Wilkinson [arxiv:1

909.10196]: bin the data in D decay phase space

and measure asymmetries in each bin (similar to GGSZ technique)

* Proposed binning scheme based on a recent amplitude model of
D - K*rntn*tn™ using LHCb data!

e Use CLEO resu

ts in each bin, so the analysis is still model independent

» Amplitude model inaccuracies would only affect sensitivity, not the

results themse

vVes
[1] Eur. Phys. J. C 78 (2018) 443
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,_200:'-|"'|"'|2'[1'4j(|)'B"'|: ~ 1:-' ]
2. = — x° =1, ne Bin 3 ) o =
D 190 3 — x* = [1,4] Four Bins E 0.9 F 3
180 e = 08 E E
170 F B 0.7 F = S
160 E 06 b : Ambiguity
150 £ = 05 F 2 broken
140 E - 04 F g
130 F = 0.3 F =
120 E 5 0.2 F 3
110 = 0.1F =
100 Bt s e TP RPN B 0 B - TN /A L
60 80 100 120 140 60 80 100 120 140
7[°] [arXiv:1909.10196] 7[°]

» With perfect knowledge of the D decay parameters, this approach could give
an uncertainty as low as a(y) = 5° with the current LHCb data set
(comparable with GGSZ modes!)

 Uncertainty ~ 10° with current CLEO measurements (will benefit from BESIII)
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Summary

* LHCb has made a world-leading direct

measurement of the Unitarity Triangle angle y: [LHCb-PUB-2018-009]
2= 9o]*F x  LHCb
Y = (74Otgg 0 E +  World Average
)
* Many new results utilizing the full Run 1 + 2 ] S
data set are still to come, which should yield
o(y) = 4° x
* Eventually LHCb should obtain sub-degree
precision: expect a(y) =~ 0.35° from 300 fb-1 ;

- 5 23 50 300
of data in 2034 Integrated Luminosity [fb™!]

18/10/19 LHCb Implications Workshop 2019



