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% CPV with b Hadrons: Why?

e Sources of CPV beyond the Standard Model are needed to explain the large
matter/antimatter asymmetry observed in the universe.

* Decays of b hadrons are an excellent place to search for new sources of CPV, as
there is a rich variety of possible decays, some of which exhibit considerable CPV
even in the SM.

* CPVin hadrons can be classified into three distinct types:
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% Menu of Results

* First measurement of the CP-violating
phase ¢, using BY — J /WK K~ decays
with my, above the ¢(1020) region

* First measurement of the CKM angle y LHCb-CONF-2016-014
in the decay B~ — DYK*~

. Updated measurement.of Y using a LHCb-CONF-2016-015
time-dependent analysis of the decays
BY —» DIKT

* Updated time-dependent measurement |LHCb-CONF-2016-018

of CP-violating observables in the decays
B) > mtm~and BY » KK~

NEW!

LHCb-PAPER-2017-008
(in preparation)




% The CP-Violating Phase ¢

The SM prediction for ¢, the CP-violating phase in b — cCs transitions, is:

SM — VisVi | +0.8
@5 = —2arg (—V—Vtz) — —37.670%mrad | PRD 91 (2015) 073007 |

This prediction ignores corrections from penguin (loop) diagrams, which LHCb
analyses have shown to be small. | PLB 742 (2015) 38, JHEP 11 (2015) 082 |

LHCb has measured ¢, using B — J /WK *tK~ decays with myy in the ¢(1020)
region, and with BY — J/yrtm™ decays, yielding a combined value of

¢ =-10+39 mrad. | PpRL 114 (2015) 041801, PLB 736 (2014) 186 |

Definition of
____________________ S helicity angles for
\ . BS9 - ]/l/)K-l-K_

LHCb also published an amplitude analysis of B} - J /WK ™K~ decays with myy
above the ¢(1020) region, using 1/fb of data. However, ¢, was not measured in
this analysis. | PRD 87 (2013) 072004 |
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% New LHCb Measurement of ¢p5

* Now, a flavour-tagged, time-dependent amplitude analysis of BY - J/YKtK~
with mg above the ¢p(1020) region has been performed, using the full 3/fb of
Runl data. LHCb-PAPER-2017-008 (in preparation) |INEW/!

e Each vector or tensor resonance is allowed to contribute both CP-even and CP-odd
decay amplitudes.

* Selection combines cut on a BDT classifier (combining kinematic/geometric
variables and u PID) and cuts on hadron PID.

* The reconstruction and selection efficiency vs decay time is measured on data,
usmg Bd —>]/1,IJI(*O(—> Kt~ ) as a control channel.
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% New LHCb Measurement of ¢p5

« Thefittom(J/YK"K™) is used to provide sWeights that are then used in a multi-
dimensional fit to the decay time, mgg and helicity angles.

* The flavour tagging uses both opposite-side

(0S) and same-side Kaon (SSK) taggers. Fit projection in myg. S-wave is modelled

using splmes the rest usmg Brelt ngners

~ 2000 T =
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* Formgg > 1.05 GeV, we measure ¢, =0.12+0.111+0.03 rad.
 Dominant systematics are from resonance modelling and background subtraction.

cos el-w

« Combining this with the previous LHCb measurements using BY - J/YK*K~ and
BY - J/ymtm™ yields ¢p5 = 0.00120.037 rad. 6



% The CKM Angle vy

e This is the least well-constrained of the CKM angles. Combining all direct
measurements yields y = (72.1123)°, while the latest LHCb-only combination
(JHEP 12 (2016) 087) gives y = (72.2158)°

: : " %
* Indirect constraints from the other CKM %= — Al (.{“Z_‘l:b
parameters give y = (65.3732)°. cdi¥ch
0.7 LA T . e ]
* Measurements of y from B decays that ,° Yo AT vl
. ul d K CHEP 16 .
are mediated only by tree-level 05 E_g Wz T
transitions provide a “standard candle” o (3 S
= £ =
for the Standard Model. = & -
* This can be compared with y values from * g W, | E
B decays involving loop-level transitions, ~'§ /4 p :
[ r 1 5 - | [P | T I N N

such as By ;— hh' decays (h = {K, }). Ter _

* Significant difference between these would indicate New Physics contribution to
the loop process.

* Experimental methods to measure y can be classified into time-independent and

time-dependent.
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e CPVin B~ — DOK*"

* Time-independent measurements of y exploit interference between b — ¢ and
b — u transitionsin B~ — DbK decays. The exact analysis method depends on

the D final state (use “D” to stand for D° or D).

* LHCb is always seeking to improve the precision on y by including new decay
modes beyond the “classic” B~ = DK™ .

* Recently, LHCb made the first measurement of the CPV observables in the decay
B~ - DK*". | LHCb-CONF-2016-014

« The D° final states used are K", KYK~, ntn~ and K*m~ (so-called ADS/GLW
analysis) and the K*~ is reconstructed in the Kbpn‘ final state.

* This analysis uses the full Runl dataset, plus 1.0/fb of Run2 data (full 2015 dataset
plus ~half of the 2016 dataset), giving a total of 4.0/fb. 8




CPVin B~ - DK™~

240

* @Geometric, kinematic and isolation ‘;‘ 20/~ LHCb preliminary ﬁ S
200 — — —
variables are combined to create a e wf- Il e o ﬁﬁﬁg“iﬁ ED)D
. . w160~ — B 5D DyK (=
BDT classifier, used alongside hadron 3 o} L B~ D DK 0
3 o —— B D DK D)
PID cuts. S 100 B’ *D(DTUK (0
80— B" - D (DK~ (1)
. Combinatorial
e (CP observables are extracted via a @ '
simultaneous fit to the different D 0 w0 S R
f500° 5000 5100 5200 3300 4000 5500 5600
decay modes. m(DK*) [MeV/ 2]

Runi+2 data, D° - K~ n* (favoured decay)

* Sensitivity toy comes from combining D decay modes, such as (ADS case):

b _LB- o DEFr)KT) T (BT = DK nh)K*) oo :
- T(B~—= D(K—7+)K*™) - T(Bt— D(Ktr—)K*t) _LHCh
Rt _ % + *r?D + 2Kkrgrp cos(dg + 0p £ ) 2 '
1+ %1% + 2krgrp cos(dg — dp =) o
* Here, the ratio of suppressed to favoured B(D) decay ol
amplitudes is r, €87 (r, €1%D), “t
* Plan to follow preliminary result with analysis including WL

0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18

full 2016 dataset. 9



% v from BY - DK™

 The fact that BY and B? can each decay to both D; K* and D K~ means that a
flavour-tagged, time-dependent analysis of these decays can give access to v.

* LHCb recently updated this measurement of vy, using the full Runl dataset.
LHCb-CONF-2016-015

1 t

ﬂ@igf_” oc Tt {cosh (Ar f) [ sinh (AF ) @(fcos Amgt) @S’f sin (Amgt) }

d Hfm oc e Tet {cosh (%) + AP slnh(AF f) @(f cos (Am T)G—)?f sin (Amgt) }
dt

* The D isreconstructedinthe K" K*n~, n n*n~ and K~ w*n~ final states.

* The flavour-specific control channel B — Dyt is used to determine the decay-
time-dependent efficiencies and the flavour-tagging performance, and to train the
BDT classifier.
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v from BY - DK™

« A 3-dimensional fit is made to the D; K™ mass, the D; mass and the PID likelihood

of the companion Kaon.
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v from BY - DK™

 The CPV observables fit gives: o _
Can visualise CP asymmetry by comparing

Parameter Value (folded) oscillations of Dy K+ and DS K~:
C 0.735 & 0.142 £ 0.048 o S
ART 0.395 £ 0.277 £ 0.122 & o4 o4 L Prtminry
A%F 0.314 £0.274 4 0.107 <oz <oz T 1 |
S —0.518 £ 0.202 + 0.073 o
S7 —0.496 4+ 0.197 £ 0.071 02 3 DK+ +
Dominant systematic varies by parameter, e.g. '0'4; '0'40’7 g S
. "~ tmodulo (2n/Am) [ps]
Ager Or correlations between observables ° :
1 — T?D.;K
* From these observables, use e.g. Cy =—5—, R
1+75 K x 09 B
5. _ 2rp.¢ sin(d — (v — 28;)) t6 obtain: i S LHCb |
;= . O obtain: 06 .
: - 5 J_ . +0.10 i
‘f\/ = (127730)° ?‘ ) = (3587:%5)0 . o = 0.37009 o4l -
* Here, rp,x = [A(B) — D7KT)/A(B] — D7K") 02 -
and 4 is the strong phase difference. i
0 TR A S T B

 Compatibility of y with the previous combined 080100 120 10 I16Oyl[°]

LHCb measurement is 2.20. 12



% y from By ;— hh Decays

W
« Decayssuchas By » n¥m™ .
—_ . T L. C, E_
and BY - K*K~ receive ’ o
contributions from both tree “, g
and penguin diagrams. b e
d, s N d,s ds d. s

* A flavour-tagged, time-dependent analysis of these two modes allows CPV
observables to be measured:

Alt) = FE?S)—U‘"H) - FB?S}—*f(t) _ —C'ycos(Amgst) + S Sill(.ﬁ'??"l-d__st)‘
' FE?S}—#“) + FBE’S)%f(t) cosh (m;d"st) + APl sinh (AT; t)
* These CPV observables can then be used to constrain y and ¢, under certain
assumptions (U-spin symmetry) relating the strong interaction dynamics of the two

decays. | PLB 459 (1999) 306 |

* LHCb recently updated its measurement of these observables, using the full Runl
dataset. | LHCb-CONF-2016-018

* The control channel 33 — K17~ is used to calibrate the flavour tagging.

* Only opposite-side taggers are used.
13



In the time-dependent fit Iy 5, Al ¢
and Am,  are constrained to their

y from By ;— hh Decays

Signal and backgrounds are parameterised in invariant mass, decay time and per-
event mistag probability.

HFAG averages.

Clrt e
St =
Cr+Ki-
Sk+K-

AAT
ABL

This gives strong evidence (4.70) of

—0.24 £ 0.07 & 0.01,
—0.68 £ 0.06 & 0.01,
0.24 £ 0.06 = 0.02,
0.22 £+ 0.06 + 0.02,
—0.75 £ 0.07 £ 0.11,

CPVin B - K*tK~.

Updated analysis is planned that
will include same-side taggers and

update constraints on Y.
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% Summary

 LHCb has made the first measurement of ¢, using BY - J /WK K~
decays at high mgy, giving a new LHCb combined value of
¢, =0.001+0.037 rad.

* LHCb is producing new results improving the constraints on vy, both
from tree-only decays and those involving loops.

* Another =3/fb of data will have been collected by the end of LHC
Run2 (2018), allowing for more precise CPV measurements in existing
channels, and for new channels to be explored for the first time.

* LHCb aims to achieve a combined precision on y of =4° by the end of
Run2, and <1° by the end of Run4 (2029).

e Stay tuned for more results in the near future!
— First CPV analyses using Run2 data are starting to appear
— Many many more are in the pipeline... 15
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The LHCb Experiment

 Forward arm spectrometer, optimised for study of B and D decays.

* Collected 1/fb of data at E., =7 TeV in 2011, 2/fb at 8 TeV in 2012, and 2/fb at 13
TeV in 2015 & 2016.

VELO: RICH: ‘Muon System |

primary vertex ' PID: primarily K, separation |
impact parameter | / Pra' " i
displacedvertex | " .

Key capabilities:

* High trigger efficiency,

= 1 including on purely
hadronic final states.

* Excellent Impact

Parameter (IP) and

........... Mass Resolution

' Hadronic PID over wide
momentum range

Interaction " || K0
region ........ | [P J J"

I - Calorimeters:
Tracking Station: p for Tracking Stations: PID: h,e,y, T°
lower energy tracksandlong || p of charged particles
lived V° reconstruction that traverse the magnet 17




SS Pion

Flavour Tagging

OS Kaon
0S K. NNet

Flavour tagging can be S5 Kaon Signal Decay
. d 0S PV SS Kaon NNet o
opposite side (OS) or S8 Proton - -
: e SS Pion BDT c
same-side (SS). 0’ . ( ;{f‘r”..:’"f/:i
The tagging efficiency |' a® / .o, /
€tag and the mistag Y SameSide  T~— 7 __________.
. . ) Opposite Side
rate w are defined as: @
T . Py Cc— 5 ):.
=  b—e /\
_ __ Neg B A
Etag "~ Ntag+Nuntag ’ N A
5 & 0S Vertex Charge OS Muon
0S Charm 0OS Electron
W = Nwrong
Nryight +Nwrong

The tagging power is then: €.rr = €144(1 — 2w)?
The statistical uncertainty is proportional to: o4t X

At LHCb, €,.¢f is typically up to =5%.

1

w/Neeff
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e The CKM Matrix

* The CKM matrix relates the quark flavour eigenstates (d’, s’, b") to the mass

eigenstates (d, s, b) :

d’ d

/ — VC KM —
S — VOKM S
b b

( V'Yud V'Yu S I/'Yu,b
I/C I/cs I/cb

\ Vie Vi Vi

 The CKM triangle(s) come from the fact that the CKM matrix must be unitary.
 The CKM phase is the only source of CPV in (the quark sector of) the SM.

Wolfenstein parameterisation
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% Efficiencies for B — J/YK*tK~

* The angular and mg efficiencies are determined using simulated phase-space
decays of BY - J/YKTK™.

:_'-.'.:': 1.54_. T T I T T T T | T |: ;_" 1.5 E T T T T T T T T T T T T I T T T T B
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% Fit for BY - J/YK K~

* The sWeights obtained from the J /YK K~ mass fit are used to perform a 5D fit to
the decay time, mgx and the three helicity angles.

e The PDFis:
. . , o~ - . : Al BY . .
F(t,mgg,Q,q|n,0;) = [’R(r. Mk, qln) @ T(t — 1‘|ot)} cEqsalt) s e(mik, 2),
with R(t, mgx, 2. qn) =17 al [[l +q (L —2w(n)|T(t, mgk, Q)

1+ Ap
1— Ap

+[1—q(l— )w(fﬂ)] (1‘ MK - U)]

* Here, () represents the three helicity angles, q is the flavour tag decision (+1, -1, or
0), and Ap = (1.1 £+ 2.7)% is the B production asymmetry.
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Left: ¢(1020) region
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% Other Results from BY — J/YK+tK~

* Form,,>1.05 GeV, we measure

(where

Fitted phase differences between
transversity states (stat. error only)

_CIA

DA

States Phase difference (°)
19— ot 139.5+6.5

0 — ot —167.9£6.6
f5(1750)° — —251.5£13.0
12(1950)% — o+ —84.1 +£42.1
Q(Lwl)o — Y 181.5+5.2
I+ —¢ 100.5 £ 16.1
I = ;0 —145.44+9.2

fa(17 J”JJ‘ — g’f}o
Fa(1950)% = of

1

230.2 £ 36.1
116.7 174
1997+ 7.6

0 = 0.124+0.11 + 0.03 rad .
IA| = 0.994 + 0.018 4 0.006,

I', = 0.650 £ 0.006 £ 0.004ps~ ",
AT, = 0.066 £ 0.018 £ 0.010ps ™.

Results of fit to resonance structure. The
dominant systematic is due to the modelling of
the resonances themselves.

(@) g)

H(1680)+ — 134.0£7.6
T — ol —140.3 £ 214

f;” — ot 162479

Fo(1750)1 — ¢t —27.54+15.9

f2(1950)I — o+ 3.8419.5

ol — @ 19544+ 3.8

#(1680)I — ¢°

—105.8 £ 8.9

Component  Fit fraction (%) _.Tmlmyermf" fraction (%)

0 I 1
$(1020) 705406412  509+04 231405 26.0+0.6
f2(1270) 16403402  769+55 60+42 171450
£5(1525) 107407409 468419 338+23 194+23
#(1680) 305403403  440+39 327436 233436
£2(1750) 0507922 4021  582+139 3174124 10.15163
£>(1950) 0447515 +0.14 22787 3834138 59.5+ 14.2
S-wave 10.69 + 0.12 + 0.57 100 0 0
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% Systematics for BY — J/YKtK~

Table 5: Absolute systematic uncertainties for the physics parameters, compared to the cor-

responding statistical uncertainty. Here My and I'y refer to the uncertainties on the f5(1525)
resonance masse and width.

Source AT A M, To o7
x1073 (ps'] [ps7!] [GeV ] [GeV ] [rad]
Res. modelling 6.9 1.9 55 1.1 36 236
Efficiency (mgx, Q) 3.0 09 0.5 0.1 0.7 34
Efficiency t 2.2 2.8 0 0.0 0.0 0.0

Table 7: Total statistical and systematic correlation matrix from the high-mass region fit.

THo 14 2.0 0.0 0.0 0.0 0.0

r. AL 6. |
t resolution 0.3 0.2 0.2 0.0 0.0 1.1 T, +1.00 +054 +0.02 —0.03
Bias 5.0 1.1 _ _ B _ AI‘S +1.00 +0.04 —0.06
AProd 0.1 03 14 0.0 00 4.0 N o
Tagging 1.2 03 08 0.0 00 11.2
Backg. 0.5 0.8 04 0.1 0.1 1.5
Sweights 1.1 0.1 0.5 0.1 04 214
Bf ; 05 - - ] )
Total syst. 9.6 4.3 5.7 1.1 3.7 342
Stat. 17.7 5.5 18.0 1.3 3.0 106.6
Table 6: Absolute systematic uncertainty for fit fractions.
Source #(1020) S-wave f}(1525) (1680) fo(1270) fo(1750)  f2(1950)
Res. modelling 0.99 0.57 0.73 0.27 0.21 0.21 0.13
Efficiency 0.58 0.06 0.48 0.12 0.04 0.03 0.01
Background 0.06 0.01 0.06 0.02 0.02 0.01 0.00
Sweights 0.11 0.02 0.16 0.05 0.02 0.05 0.04
Total syst. 1.15 0.57 0.89 0.30 0.21 0.21 0.14

Stat. 0.62 0.12 0.67 0.32 0.27 T o 24



Aside from y, have hadronic unknowns ry,, 65/, Where ratio of suppressed to
favoured B(D) decay amplitudes is r, €%8-7) (r, e'D)

Method to extract these hadronic unknowns (and y) depends on the D final state.

S

Three main methods:

GLW: D— CP-eigenstate, e.g. 7, KK (Phys. Lett. B 253 (1991) 483, Phys. Lett. B 265
(1991) 172)

ADS: D— quasi-flavour-specific state, e.g. Kz, Kzwzwr (Phys. Rev. Lett. 78 (1997) 257,
Phys. Rev. D 63 (2001) 036005)

GGSZ: D— self-conjugate 3-body final state, e.g. K.z, KKK (Phys. Rev. D 68 (2003)
054018, Phys. Rev. D 70 (2004) 072003) 25



Fits for B~ —» DOK*~

$230 . .
Z 2000 el Eepturreel A _ DB = DKK)K*") =T (B* = D(KK)K™) _ |
%150 B = DX 1) K B* - DX" 1) K KK I (Bf — D(I{I{)I{*‘f) +T (B+ —r D(I{I{)I{*Jr) CP+
Z100
é 50 o — I'(B-— D(KK)K*~)+T'(B*— D(KK)K*+) B(D® - K—7t) _n
E " — 1 send T DB DIK—7)K*=) + T (B = D(K+7-)K*F) “BDU S K-K+) | oPt
-0 5300 5400 5500 3600 5300 5400 5500 5600

m(DK*) [MeV/c’] m(DK*) [MeVicl]
EJ'D__ LHCb prelininary i LECh preliminary . ..
2 5L [Ldr=4.01b" B JLdi=40f" A 2hf‘?‘B S1I1 ()B SI11 7Y
= - e ) 4l L + T ACPL = - ; —
= 5 B =DEX KHK B DR K)K 1 + 7% + 2Krp cos dp cos
E 1]
E : _ : . Repy =1+ -?‘JQB + 2Krp COSOp COS Y

5500 5600 5300 5400 5500 5600

m(DK*) [MeV/c?] m(DK*) [MeVicl]
— 15
; LHCb preliminary LHCb preliminary
e (Ldr=40" [Ldr=40"1
3 101 B =D )K" B B* — D m) K™ AKT =—0.027 = 0. 028( tat) + 0.007 (SU’SI)
s—\[ " Jr 1l Agr = 0.2+ 0.08(stat) £ 0.01 (syst)
5 AR 5400 5800 S se 5600 14?”? = 0.08 = 0.16 (Stat) + 0.02 [S.};St)

m(DK*) [MeV/e?] m(DK*) [MeVicl]

Rixrx = 131 &+ 0.11(stat) = 0.05 (syst)
S LAy oy - L pemie Ror= 098+ 0.17(stat) & 0.04 (syst)
; 6 - + * B + N o
=T | popamx - B' = DK K R = 0.000 + 0.007 (stat) + 0.002 (syst)
e l llllll mm“ ] ]HJr H“Jr 1 R~ =—0.003 £ 0.004 (stat) = 0.002 (syst).
E ol ~1 T IT I T T hrt —T [
5300 5400 5500 5600 5300 3400 mo _5600 26
m(DK*) [MeV/e’] m(DK*) [MeVicl]



Correlations & Systematics for ¢
B~ — DOK*™

Tahle 2: Summary of systematic nncertainties. Uncertainties are shown to be mero if they are more than two orders of magnitude smaller than

the atatistiml aror,

II How II HH II T 'lllm.‘\. H '|I|1.|.| 'lll\ ' 'lll\
=tati=tioal (10125 (1.01= i 16 .11 (.17 (.ony (1004
i 0.0 i i L5 = 10 % 1= 10 * .0l 0.0
MW etficdene ios (.0 TOw Y dd= 10% dd= 104 1= 109 Ll1=I10% 1Li=l104
P I efhiciencies (1. (1.l (1. T [ (1.1 (1.1l (1.1
Vito elliciencics (.0 (1.0 (1.0 (.0 (.1 [ T = W
Aprad GO = 107 58 =< 10" Ti0= 10" (1. (1.0 RN (1.0
A R I T 1 I (N e W [V 0.0 0.0 (1.0 (1.0
Signal shape 24 = 10T T0= 10 a0= 10T 40= 100" LT = 100 LT= 0 ® Ldwn®
Combinatorial shapse 0.0 G = 0% B8 0% 5= 10 d 0.0 RN S I S
Partinlly recongrncted shape 0.1 O« 10 32w I0® 0.0 SO« 10 Tow ot THx lnd
Charm less B 10 40 = 10 4T = 10 F 1= 10 AT = 10 G2= 10 T2w 10
Total (L0075 AN (015 (1,07 (LT (10020 RN
Table 3: Statistical correlation matrix for the seven physics observables from the simultancous Table 4: Systematic correlation matrix for the seven physics observables from the simultaneous
fit to data. For clarity, only half of the symmetric matrix is shown. fit to data. For clarity, only half of the symmetric matrix is shown.
Agn Akx Asr Bk Rop Rt R Arr Axx  Arr Rk Rin R+ R
A= 1 000 0.00 000 000 004 0.02 Ag= | 1 046 052 000 000 0.0L —0.02
Axr 1 000 —002 000 —001 —0.01 Axr 1 041 =003 0.00 005  0.02
Arr 1 0.00  0.01 0.00  0.00 A 1 —0.05 002 008 005
Rix 1 0.06 0.03 0.01 Rix 1 —0.01 —0.01 0.00
Rox 1 0.02  0.01 Rox 1 0.02  0.02
R+ 1 0.04 R 1 0.03
R 1 R 1
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Interpretation for B~ — D°K*~

* The parameters 1 and 6 are constrained to their HFAG averages.

* The coherence factor k is estimated using a fit to the K27~ mass distribution of
selected events, yielding k = 0.95 + 0.06.

= 180 : — 180
== C f v ; B
160:— - LHCb 160 LHCb
B preliminary C  preliminary
1401 140}
120 120
100~ 100
- - 20 4
80]- 5 g
60| 60~
40 40F
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7\I‘\\\\\1\II|II\|\\\‘I\I{I.Illl\l\‘\\l‘lll :‘|\|‘|||»"T'\/,‘,\,,‘||‘|\|‘|||||\|\|\
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Relations for B —» DIK*

) dl go p(1) _ ATt . ATt
These are the time-dependent — ¢ {cogh (—) + A2T sinh (7)
decay rates.

_ + Cycos (Amgt) — Sysin (Amyt) } )
For decays to f, S is replaced

g0, (1 ATt ALt
by Sf and Af by Af T B leff( ) oc e T {co&sh <7‘ - ) +A?F sinh <7‘ - )
’ ' dt
— C'ycos (Amgt) + Ssin (Amgt) } )
These observables are related "
. —7r R
to the physics parameters by: Cp =—— D8
1+ DK
JAT _ —2rp.gc cos(0 — (v — 204)) JAT _ —2rp.i cos(0 + (v — 204))
o 1+ .?‘%S-{{ B 1+ '?‘%SK ‘
G _ 21 pe sin(0 — (v — 20,)) ~ —2rpsin(d + (v — 26;))
Sf = o O T 1+ '
1 + 1 %JSK 4 1 T 2DSK

Here, mp.x = |A(B! — DIK)/A(B{ — D7K™)| and § is the strong phase
difference.
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Candidates / ( 5.00 MeV/c?)

Fitsto BY - D;m™

3D fit to D 7wt mass, D; mass and the PID likelihood of the companion Pion:
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%Bg — DFK™ Tagging Calibration

* Each event has a predicted mistag probability, n.
 Alinear calibration function is used: W(T}) — Do + Py - (77 — <77>)
* Calibrate using flavour-specific B —» D;m*:

5 0.6
LHCb Preliminary

8 0.6
LHCb Preliminary

L IR

0.5F E 05
0.4f ; 0‘4%_ _
0_2S — 0.2:— _
0.1S Opposite S'de‘g ‘”? Same-side Kaon_g
010203 " 0a 05 I?]'é' G102 03~ 0a o5 o
n

Table 1: Calibration parameters of the OS and SS taggers determined from BY — D, 7" decays.
For pp and p; the first listed uncertainty is statistical and the second systematic; other parameters
are not used in the fit but provided for reference only and their uncertainties, where listed. are
statistical. For a perfectly calibrated tagger one expects p1 = 1 and po — (1) = 0.

Tagger Po 2! (n) Ctag (/0] Sett [70]
OS 0.377 £ 0.007 £ 0.001 1.12 & 0.08 £ 0.01 0.370 37.15 £ 0.17 | 3.55 £ 0.33
5SS 0.441 + 0.005 4+ 0.000  1.09 + 0.08 £ 0.01 0.437 63.93 + 0.17 | 1.92 + 0.22
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% Correlations & Systematics
for B - DXK™

Table 5: Total systematic uncertainties, relative to the statistical uncertainty. "The daggered
contributions (I's,Al's,acceptance) are shown separately only for comparison. The phrase “MC
ratio” refers to the ratio of BY— DFK* and B?— D_ 7" decay-time acceptances measured in
simulated events.

Parameter Cy APt A%F Sy 57
Detection asymmetry 0.01 0.23 0.26 0.02 0.03
Amg 0.06 0.01 0.01 0.17 0.18
Tagging and scale factor 0.15 0.06 0.06 0.22 0.16
Correlation among observables  0.27 0.25 0.18 0.20 0.23
Closure test 0.12 0.19 0.19 0.12 0.12
I, 0.02 0.16 0.18 0.01 0.01
Al 0.01 0.07 0.11 0.00 0.00
Acceptance, MC ratiof 0.04 0.09 0.10 0.01 0.01
Acceptance, data fit 0.07 0.18 0.20 0.01 0.02
Acceptance, [',, Al 0.07 0.19 0.06 0.01 0.02
Total 0.34 044 0.39 0.36 0.36
Table 4: Statistical correlation matrix of the CP parameters. Other fit parameters have negligible Table 6: Total systematic correlations.
correlations with the CP parameters and are omitted for brevity. )
Paramerer O AT BT 5 Parameter Cy  ART A%F Sy St
Cy 100 0.09 0.08 001 —0.06 C'y .00 0.02 0.06 0.02 0.01
Ax 009 100 051 —0.07 —0.01 APT 0.02 1.00 -034 0.04 -0.01
A7 008 0.l L00 T =0.05 0.0l ABT 0.06 -034 1.00 -0.03 0.0
Sy 0.01 —-0.07 —-0.03 1.00 0.00 ff _ _
Sy —0.06 —0.01 —0.01 0.00 1.00 LSf 0.02 0.04 -0.03 1.00 0.00

S5F 0.01 -0.01 0.06 0.00 1.00
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% Correlations & Systematics for @
BY) >m*mn~and B - KtK~ ™

Table 4: Systematic uncertainties affecting the CP asymmetry coefficients of the B — 7w+ 7~
and BY - KTK~ decays. The total systematic uncertainties are obtained by summing the
individual contributions in quadrature.

Parameter Crtn Syt Crrg- Sgrp- AL
Time acceptance 0.001  0.001 0.003 0.003 0.093
Time resolution calibration 0.000 0.000 0.016 0.017 0.012
Time resolution model 0.000  0.000  0.007 0.008 0.000
Time error distribution 0.002 0.002  0.002 0.002 0.019
Input parameters: I'y ., Al'y.. Amg. | 0.001  0.001 0.001 0.003 0.046
Tagging calibration 0.002 0.003 0.002 0.003 0.000
Cross-feed bkg. time model 0.003 0.002  0.001 0.001 0.021
Comb. and 3-body bkg. time model | 0.001  0.001  0.000 0.000 0.001
Mass model 0.003 0.003  0.006 0.005 0.010
Total 0.005 0.005  0.019 0.020 0.109

Table 5: Statistical correlation matrix among the CP violation coefficients of the B — 77—
and B? - KTK~ decays.

Parameter Crtn— St - Cr+k- Sk+K- AR

KHK—
Crin- 1.000 0.376  —0.009 —0.011 0.000
Srtn- - 1.000  —0.055 —0.013 0.000
Crer k- - - 1.000 —0.005 0.035
Sk+k- - — — 1.000 0.037
AL - — — — 1.000 35



* The CP observables measured in a time-dependent analysis of Bg —» 7T~ and
B - K*K~, using can be related to the physics parameters:
2d sin(17) sin(~y)

s _ sin(28 4 2y) — 2d cos(1¥) sin(23 + ) 4+ d* sin(25)

"1 —2dcos(d) cos(y) + d2’ 1 — 2d cos(V) cos(y) + d*

2d’ :‘:.‘ill(_l"};} sin (_fr") s sin(—20, + 27) + 2d’ cos(?) sin(—203, +v) + d” sin(—2/3;)
= —, A — = — = - =
1+ 2d' cos(¥) cos(vy) + d? o 1 + 2d’ cos() cos(7y) + d”

Cﬂ‘l‘ﬂ'— —

CH— K- —

* The parameters d and 0 are related to the “penguin to tree ratio”:
OO S e 1 ( )\2)

L;ub

d“’e where R,=+(1-+ v
"cb

~ R, TO) +POu— PO’ A 2

 To simplify the equations, we also define: @' = d'(1 — \2)/\?
* If U-spin symmetry holds, thend = d'and 6 = 6'.

* This reduces the number of free parameters, making the system of equations
soluble.

36



* A previous LHCb paper derived constraints on y using the CP observables measured
in a time-dependent analysis of Bg > ntnr~ and B - K*K~, using 1/fb of data.
| PLB 741 (2015) 1, JHEP 10 (2013) 183 |

CP observable results with 1/fb:
Ckrg = 0.14 £ 0.11 (stat) == 0.03 (syst),
Sk = 0.30 £0.12 (stat) = 0.04 (syst),

“Standard” analysis:

Probability density

Extended analysis, 2
. . qJ
incorporating <
information on =

o)
BY - °n%and &

Bt - ntr® decays
from B-factories:

Crr = —0.38 £0.15 (stat) = 0.02 (syst),
Srr = —0.71 £ 0.13 (stat) = 0.02 (syst),
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