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The CKM angle
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p
v can be measured at tree level

no V., terms: the only angle that can be measured with no penguin pollution
(indirect measurement contains loop contributions)

To probe New Physics:
Are direct and indirect measurements of ~y consistent?

World average from direct and indirect measurements:
BaBar: (70 £ 18)°

Bl (13413 => 7 = (73.2%57)7 v = (66.85159))

LHCD: (746 4_—8421)0 CKM?2014

Vital goal of LHCb (and flavour physics!) to measure
tree-level v to degree-level precision
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Tree-level v from B — DK

same principles apply for other B— DX channels
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Typical CP violation observables:

Charge asymmetries
['(B~ = fpK~) —=T(BT = fpK™)

A=

[(B~ — fpK~)+T(B* — fpKT)

Partial width ratios

o I'B~ — fpK~)+I(B" = fpK™)

(B~ — f,K~)+ (BT = fp,KT)
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Hadronic parameterscan be determined
experimentally:

dp = strong-phase difference

rg~0.1for B- - DK™
= size of interference = sensitivity to v
driven by CKM factors and colour
suppression factors, determined
experimentally

Many methods using different D decays:
may require external charm inputsfor rp or
dp or dilution factors for multi-body decays
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Today’s talk

» Recent LHCb measurements of ~

st — Dh™ . Di— {h+h_, hth™ 77_} [arXiv:1603.08993]
« ADS/GLW method

« B L DK DS
e GGSZ model-dependent method

[arXiv:1605.01082]

B BT D {K(S)T(' i K§K+K_} [arXiv:1604.05204]
e GGSZ model-independent method

“Bdecaystoopen charm”™  p0 _, pyre+—

' ADS/GLW Dalitz method [arXiv:1602.03455]
S. Haines

» Latest combination of LHCb results [LHCb-CONF -2616-661]
from B— DK analyses



B~ — Dh~ GLW/ADS method

Combined analysis of B— DK and B — D (rgP™= 0.01)

Gronau, London, Wyler Atwood, Dunietz, Soni
PLB 352 (1991) 483 PRL 78 (1997) 3257
PLB 265 (1991) 172

GLW: CP eigenstates ADS: large interference (= large asymmetries)
due to fav. and sup. decays in both amplitudes

rpe’ 53% rBe’(fﬁskDOK—\
+
_I_ —

B @( _ (K 3 ) _
\DOK rp=1, dp=>0 \DOK—%)@MD
external
measurements

GLW: T'(BT = fpKT) 1+ 1% +2rp 608(53@
ADS: T'(BF — fpKF) o (r],)? + 1% + 2rpr), cos(dp + 0T )
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B~ — Dh~ GLW/ADS

+ four-body analogues:

uasn -GLW: quasn-ADS
TBez(yD K rpe’ 05=7) D K \
ANALYSIS

7T ot YK~ (Ktr ntn™
\DOK_/ \DOK /
fractional CP-even content coherence factor

F, = 0.737+0.028 KS3™ = 0.32 £0.10
2F —1 =~ 0.5

Atwood and Soni, PRD 68 (2003) 033003

Mzlde et al., PLB 747 (2015)9 LHCDb collaboration, arXiv:1602.07430

GLW: I'(BT — fpKT) o 1415+ (2F, — 1)2rgcos(ég F )
ADS: T(BT — fpKT) o 1% + (rf)? + 2rpri nl cos(65 + 61, T 7)
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BT —- DK* GLW SRR
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(BT = fpKT) oc1+71% + 2rg cos ARE =0.087 £ 0.020 £ 0.008

4= FB = fpK") -T(B* = [pK") ATT =0.128 + 0.037 4 0.012

['(B~ = fpK~)+T(Bt — fpK*)

asymmetry diluted by 2F —1 ~ 0.5 A}T{mm = 0.100 = 0.034 = 0.018
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First observation of CPV in
single B — Dh decay mode

AREs ) = —0.403 £ 0.056 = 0.011 @

AREsm = 0.100 £ 0.031 =+ 0.009
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AZISQZTK) — _0313+0.102 + 0.038 Same sign asymmetry as two-

body, as expected from dp values

ARDEGy = 0.023 4+ 0.048 £ 0.005
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_ % Dh::GLW/ADS summary [arXiv:1603.08993]

= 1o expectation from current knowledge of rg, dg, ¥

Significant improvement in knowledge of ADS observables:

2-body 4-body
AiI]gS K Aﬁll{)gﬂl(
DK -0.403 = 0.056 = 0011 " 0313 £0.102 £0.038 "
e —
-0.6 04 =02 0 0.6 ~04 0.2 0
D 0.100 = 0,031  0.009 ARbsto 0.023 £ 0.048 = 0.005 ARbn
=02 ]
=05 0 05 05 0 05
DK GLW charge asymmetries:
2-body 4-body
KK: 0.087 +0.020 +0.008 ACP(K) Anmm
K
DK o 0.128 + 0.037 = 0.012 B 0034 0018
0.05 0.1 - 0.15 0.05 0.1 0.15

Results of partial width ratios consistent with expectation

Dm modes will provide constraints on upcoming D K+ Dm -y combination

Faye Cheung (Oxford), Beauty 2016 Gamma measurements at LHCb



~ from B — DK*" decays
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\ _*0/ unambiguously
D°K Ap
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B — D K * () G GSZ Giri, Grossman, Soffer, Zupan

PRD 68 (2003) 054018

_ 10D
g 0 (050 VD K { ADe
Multi-body D decay = dp, charge asymmetry £(D) E*o
varies in D — KJn "~ Dalitz plot
[arXiv:1604.05204] DOI?*O Ap
* Candidates in signal window, no bkg. subtraction, 60% purity

[9S)
T

mXKw*) [GeV¥ c4]
[\S)

[a—
T T T T T

mX(K o) [GeV?/c4]

Two methods

..........................................................................................................................................................................
1

Model-dependent method Modelindependent method
Use an amplitude model to provide DO v  direct measurements of dp

strong phase in binned Dalitz plot
v optimal use of statistics v K§KT K~ included for the first time

mX(K ) [GeV?/ 4]

Faye Cheung (Oxford), Beauty 2016

Gamma measurements at LHCb



B — DK*" GGSZ model-dependent

[arXiv:1605.01082 ]

IOOE_LHCb | —pxe : N(B" = (D — Kgn™n™)K*) =89 £ 11
805 x2 of previous B-factory measurements
60
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R D L\ | et ] _
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m(DK*) (MeV) /
Decay rate at a point of the Dalitz plot:

dT'(B® — DK*®) o |[Ap|? + r%e|Ap|® + ,- (A}B Aprgoei®sot) )

40 .

Candidates / [18 MeV]
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dT(B" — DK™) o |Ap|? + r%|Ap |2 + 2xR (A Aprpoei@s0— w)

_ +0.005 +0.002
Coherence factor = 0.958 "5 010 0 045

im(K*?) — m(K*°)ppa| < 50MeV, |cos(6*)] > 0.4

Measured in LHCb B® — DK*x~ amplitude analysis
S. Haines
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B — DK*" GGSZ model-dependent

[arXiv:1605.01082 ]
Decay rate at a point of the Dalitz plot:

AT(B° — DE™) o | Ap? + e Ap|? + 26Re (Ap Ap reis0 )

dr(B° — DR ") o |Ap[? + rhol Ap ? + 25Re (Ap A7, rpoci®so =)

Fit amplitude model to data to extract CP observables: | 2+ = 7o cos(dpo + )

BaBar

PRL 105 (2010) 121801 Y+ =1Tpgo Sm(cSBo + 'y)
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B — DK*" GGSZ model-independent

in a bin [arXiv:1604.05204 ]

Decay rate at-a-point of the Dalitz plot:

N;(BY) o Fei + (:17%r -+ yi)Fﬂ + 26/ F i F j(ryicey — yiStq)

—0
Ni(B") o« Fy; + (332_ + y%)F@' + 2k F i F j(x_cqei +y_544)

yield of flavour-tagged D° Cir Si Observables

events in bin CLEO measurements using
T4 = rpocos(dgo £ )

quantum-correlated .

measure with semileptonic ¥(3770) — DD Yae = rposin(0po £ 7)

B decays decays
— 3 Extract from
‘i _ Ji|Ap|l4p| cos dp simultaneous fit of
3 \/ [ |Apl2 [ |43 KOrtn & KOKTK-
~ 2 signal yields
5 g |AD||AD|sm(5D enay
Sl ;
< AP J1Ap)

[PRD 82 (2010) 112006]
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B — DK*" GGSZ model-independent

[arXiv:1604.05204 ]
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B — DK*V GGSZ iiane o2 = ran s )

y+ = rposin(dgo £ )

model-independent model-dependent
_H [ T T I T T T T T T T T I T T i +| [ T T | T T T T T T T T | T T ]
~ ™~
i 0 LHCDb ] hi i
- B . _ _ ¥ LHCb
(2 L ) ) :
Contours for - ] I ( <£B+, yi)
statistical - - - E .
uncertainties, -1+ — -1 —
2D confidence - BO S - o BY -
intervals L 1 1 l |£‘:‘“".| 1 1 1 1 1 1 } 1 1 ] i 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1
-1 0 1 -1 0 1

vy = 0.0540.3540.02 X, ry = 0.0940.24H 0.04(+ 0.01 Xs

r_ = —0.31+0.20 4+ 0.04 r_ = —0.15 4+ 0.14 4+ 0.03|£ 0.01

y+ = —0.81 4+ 0.28 4 0.06 yy = —0.65 7033 H0.0840.01

y_ = 0.314+0.21+0.05 y_ = 0.25+0.15+ 0.06{% 0.01

model uncertainty
rgo = 0.56 £0.17 rgo = 0.39 £0.13
_ +21\o0 _ +24\0
_ o _ +21\o0
v = (71 +20) v = (8015)
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LHCb v combination from 5 — DK

LHCb measurements updated/new since CKM’14
Bt - DK* D — hth~ GLW/ADS |
BT —- DK™ D — htr~ntr~  quasi-GLW/ADS ¢/ 1aAB0S.08553]
Bt — DK™ D — hth~n° quasi-GLW /ADS ¢/ [Phys.Rev. D91(2015) 112014]
Bt - DK™ D — KJhth~ GGSZ model-independent
Bt — DK™ D — KJK*n=  ADS
B & DK*x~ D — hth- GLW-Dalitz ¢/ [akivi1602.03455]
BY - DK*Y D— Ktn~ ADS :
BY — DK*? D — Kdntn~ GGSZ model-dependent ¢/ [arXiv:1605.01082]
Bt - DK*ntnx~ D — hth™ GLW/ADS
BY — DFK* DFf — h™h~hT  time-dependent

Auxiliary Inputs Charm mixing and CPV:  xp,yp, AUL (77), AL (K K)

CP-even fractions: Frrros Frogno, Frrnn
Charm system: oB™ RE™
K27T 5K27‘r K2n
Kp D "D
K37r 5K37r K3n
Kp D »'D .
KSKﬂ' KSKﬂ' KK
’%D , 0 o’ Rp, .
«0 —DK** —DK*
B, mixing: ¢s

Faye Cheung (Oxford), Beauty 2016 Gamma measurements at LHCb



LHCb v combination Lhco-cone-2o15-e1]

Complementarity of different methods: ADS/GLW, quasi-ADS/GLW, GGSZ

|| Full LHCb Combination
02
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LHCb ,y Combination [LHCb-CONF-2016-001]

1T | a
S LHCD
— 08+ Preliminary _ |
0.6F 4 [ GGsz
§ 1 | GLW/ADS
- T . 1 M Others
0.2 7 [ Combination
% 50 100 150

v [°]
* Most precise measurement from a single experiment:

7= (70.95%;5)

- Consistent with B-factoryaverages: BaBar: (70 & 18)°
Belle: (73113)°

Faye Cheung (Oxford), Beauty 2016 Gamma measurements at LHCb



Summary

» Most precise measurement from a single experiment

» Latest LHCb ~ analyses presented:
B — DK and B — Dm with ADS/GLW

BY — DK with GGSZ model-independent
BY — DK with GGSZ model-dependent

» Stay tuned!
 LHCb combination including Dz modes in progress

* On-going analyses of new B decays; inclusion of Run 2 data
e B.,— D,K Run 1 update
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LHCb detector L1187 TeV 216 @8 Tov

Important features  for analyses

eLHCb trigger

45% of Run 1 LO
bandwidth dedicated
to hadronic trigger

RICH | &I

B flight distance ~1 cm, Particle identification: r, K, p
impact parameter resolution ~20 ym: Identify B, D decays + cross-feed suppression
powerful discriminator of B mesons and >90% kaon efficiency with 5% pion contamination

essential for triggers and offline selection

Faye Cheung (Oxford), Beauty 2016 Gamma measurements at LHCb



B~ — Dh~ GLW/ADS S

* Observables: charge asymmetries, partial width ratios

 Normalise to the favoured D — K7t (7~ nt) decay
* Assuming Aqp=0, its charge asymmetry is a measure of combined A,;,qX A gt

: T T T T T T T T T : 200 T T

S LHCb | =

>

< 40001~ — < 130

= i 12

220001 - 2

o o

(] (]

> 4 »

@ @

100000_| T T T T 1000 T T T T T T H
5000017 B (K] 500 B[k ]

5100 5200 5300 5400 3500 5100 5200 5300 5400 5500
m(DK*) [MeV/c?] m(DH*) [MeV/c?]
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B~ — Dh—™GLW/ADS results

KK: 0.968 01022 0.021 R
—————— cp
aw: 1.002 + 0.040 = 0.026
09 0.95 1 1.05
K
R ADS(K)

0.0188 = 0.0011 +0.0010
B

001 0015 0.02

Kn
AK
-0.019 = 0.007 = 0.006
— e
-0.03 -0.02 -0.01 0 0.01
KK: 0.087 =0.020 = 0.008 A
e CP(K)
nr: 0.128 = 0.037 £ 0.012
0.05 0.1 0.15
K
AADS(K)
-0.403 £0.056 +0.011
———
-0.6 -04 -0.2 0
nK
RADS(n)
0.00360 = 0.00012 = 0.00009
H—@—H
0.002 0.003 0.004 0.005

KK: -0.0145 + 0.0050:=0.0017 A
— CP(x)

qe: 0.0043 = 0.0086 = 0.0031

-0.04 -0.02 0 0.02

AnK
ADS(wt)
0.100 = 0.031 = 0.009

TUTLTLTT

cp
0.975 £0.037 £0.019
— e s
09 0.95 1 1.05
RuKmt
ADS(K)
0.0140 = 0.0015 = 0.0006
—
0.01 0015 0.02
AKmm

K
0.000/=0.012 = 0.002

-0.03 -0.02 -0.01 0 001

ATEJ'UTTL’
K
0.100 =0.034 £0.018

0.05 0.1 0.15
K
ADS(K)
-0.313 £0.102 = 0.038
e
-0.6 -04 -0.2 0
£19.€,%4
ADS(m)
0.00377 = 0.00018 = 0.00006
——3
0.002 0.003 0.004 0.005
Amwm
-0.0041 + 0.0079 = 0.0024
e
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—o—
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Gamma measurements at LHCb

= 1o expectation from current

knowledge of rp, 05, ¥

[arXiv:1603.08993]



BO % DK*O GGSZ [PRD 82 112006 (2010) ]

Comparison of strong-phase difference from CLEO
measurements and amplitude model expectation

150 : 15
(c) : (a)
1.0: 1.0 N
0.5: 0.5 B 1
_ o of
w T c 0
-0.5 05|
—1.0[ -1.0 —
L — Statistical Statistical
45| T Tou L | —— Total
~F *  Model Expectation -15 % Model Expectation
| | [0 | |
IllllllllI|Il|l||llllllll
-0 05 C 0.5 10 15 -1.0 -05 0 0.5 1.0 15
i Ci
Kdrtrm™ KIKTK~
“Modified optimal” binning N=2 binning
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LHCDb 7 combination inputs Lhc-cone- 2026001

D = 0.0037 £ 0.0016, K37 = 0.32+ 0.10,
Yn = 0.0066 £ 0.0009, K37 _ 297+ 0.66,
0" = 3.30 £ 021,  gR2r— " 0814+ 0.07,
RE™ = 0.00349 4 0.00004,  §K2r _ 314+ 0.30,
AZp(rm) = 0.0010 £ 0.0015, K37 — (0552 + 0.0007,
AGH(KK) = —0.0015+ 0.0014. K2 — (0440 £+ 0.0012.
Frpro = 0973 £0.017, 5KSK7T = 0.46 + 0.28,
FKK'n'O — 0732 + 0055, K}gSKW _ 100 :|: 016 .
Frnne = 0.737 £0.032.

Rp5%™ = 0.370 4 0.003 £ 0.012.

DK*? __
Kp = 0.958 4= 0.008 £ 0.024, bs = —0.010 + 0.039rad .

REK™ =1.020 + 0.020 =+ 0.060,
ADE™ — 0.020 £ 0.025 + 0.110.

iy Faye Cheung (Oxford), Beauty 2016 Gamma measurements at LHCb



LHCb ,y Combination [ LHCb-CONF-2016-001]

1

d [ L|HCb - Quantity Value
‘_I* 0.8 - Preliminary _ Y (o) 70.9
i 1 68% CL (°)  [62.4,78.0]
061 N 95% CL (°)  [51.0,85.0]
- : rBk 0.1006
4T esaw BERA W ] 68CL (0094601065
] 95% CL 0.0890, 0.1120]
0.2 B §DK (°) 141.1
N o, - i 68% CL (°)  [133.4,147.2]
0 S0 100 10 95% CL (°)  [122.0,153.0]
v ] DK 0.217
68% CL 0.169, 0.261
B ; ’ ;
- gdecays 95% CL 0.115, 0.303]
. B’decays SDE () 129.0
I B decays 68% CL (°)  [169.0,213.0]
B Combination 95% CL (°)  [149.0,243.0
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