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e Physics motivation

' CPV In interference between mixing and decay
dominant SM OtreeOcontribution
Direct decay
n — | thvtl!:) Bq or
=12 g=arg ! gy !M\Bg/-ﬁ"?
Mixing and decay
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Physics motivation

' CPV In interference between mixing and decay

-

-¢ ¢ ,
b t,c,u q Colour singlet C
exchang¢
By W W B, < b / q
u,c,t
q tcu b 580 w 0
- -
S q
dominant SM OtreeOcontribution higher order OpenguinO contributions from

non-perturbative hadronic effects that are

difficult to calculate in QCD
[Nierste et al. Phys. Rev. Lett. 115, 061802 (2015)]

[Liu et al. Phys. Rev. D 89, 094010 (2014)]
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Physics motivation

' CPV In interference between mixing and decay

C

b t,c,u Colour singlet/ c
exchangle
BY W W B, b L q
q t,c,u b 880 W 0
- -
S q
dominant SM OtreeOcontribution higher order OpenguinO contributions fron NP could be
non-perturbative hadronic effects that are comparable to
difficult to calculate in QCD penguins!

[Nierste et al. Phys. Rev. Lett. 115, 061802 (2015)]

[Liu et al. Phys. Rev. D 89, 094010 (2014)]

Direct decay
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thVt!b q =
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Physics motivation

4 L . )
' CPV In interference between mixing and decay
b t,? U :.q Colour singlet//<:c0
exchang¢
By W W B, < b t q
-q: t,iu b 880 - W 0
S q
dominant SM OtreeOcontribution higher order OpenguinO contributions fron NP could be
non-perturbative hadronic effects that are comparable to
difficult to calculate in QCD penguins!
[Nierste et al. Phys. Rev. Lett. 115, 061802 (2015)]
[Liu et al. Phys. Rev. D 89, 094010 (2014)]
Direct decay
— |
¢q = om ! 2¢p I
P " Vg Vi B for
— " o | 19 Vib
=1 2"g+ | Lo+ #y"  tesag LA ~—po —T5
Mixing and decay
¥ "sand " 4 determination via global fit to experimental results
ignoring contributions from penguin diagrams
( )
SM _— N 0 .0007
: " 0.030
sin(2"4) =0.74 -
- ~sIn(2" ) 0,032 | [CKMFitter] D
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Measurement ingredients

' Time-dependent CP asymmetry
"D 0 n ) 0 . "
A (1) = b Ba®) ! 1" D Bg() T S sipn(! mt)" G cos( mt)
CP — Iy . - B | : It
L Bg()! f +1 Bg(t)! f cosh —— + Ay sinh —-
! MIXIng parameters [New J.Phys. 15 (2013) 053021]
?d.. | e Tagped mixed
Il m=myx! m =" "y S ool M., 7 et
}i | L Fit unmixed
T% 200
I CP observables: ;
20 (1) 1" |0 24 (' 1) ‘
= : = ., Ap = 0
> 1+ |!f|2 G 1+ |!f|2 1+ |!f|2 0 : 2 decsytime[psT
—0 04[NucI.ths. B873 (2013) 275-292]
— n gA(BC](t) ' f) —_ n ! q g | ‘
by =" 5 ="'t le g 03
pPABZ(t)! f) £ 02
< 0.
g of
2|" ¢ | sin(# 2|" ¢ | cosf#, 2 0af
Sf — | |f | fl _ (Zq) ’ A!" — l | fl _ (2('1) .
1+ | f | 1+ | f | 03
04
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http://arxiv.org/abs/1304.4741
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% Measurement ingredients

4 . . .
! Tagging, resolution and other nuisance effects

Ameas(t) = Acp(t) ! Dres ! Diag * A det/ prod

| Decay time resolution (~45fs) @~ N8 o
b S

I I m 2] '[2 §}K+ kaon tagger
Dies = € 2
_ _ _ Same side
I Tagging dilution : proon s <o
Dtag — (1 l 2' ) Opposite side Vertex charge tagger
| ' from inclusive vertexing
- Initial B flavor efficiency: !tag K-
____________________ N Opposite side
- Wrong tag rate: * X kaon tagger

lepton taggers

- Effective reduction in statistical power: from b-quark J (4™, €7)

o = lag(1! 2°)2" O(6) IS ("o) ! A

I Also need to account for detection/production asymmetries, acceptance
effects on time and angular variables (P! VV), E

\_
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[Phys. Rev. Lett. 115, 031601 (2015)]

Measurement of CPMVin B! J/ # KOs (3 fb?)

\

' Analysis overview

¥ Measures Syiks~ sin(2!)
I Time-dependent tagged analysis
- tagging power ~3.0%

- negligible dilution from decay time
resolution (slow B oscillation)

I Results:
- Nominal model

- § =0.731 + 0.035(stat) & 0.020(syst), |

€ = —0.038 + 0.032(stat) £ 0.005(syst).
p(S,C) =0.483

- Direct CPV fixedto O
S = 0.746 + 0.030(stat)

Candidates /(1 MeV/ ¢?)

Signal yield asymmetry
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http://arxiv.org/abs/1503.07089

% Measurement of CPVin B ! J/ # KO (3 fb1)

[Phys. Rev. Lett. 115, 031601 (2015)]

! Toward high precision sin(2 ! ) measurements

| Golden mode: sin(2 ) >S|n(2q @
LHCb - FI’RELIMI'NARY
SleKO =0.731% 0.035£ 0.02( Egga?rg(zoog)mzoog : 0691 0031 001
Belle BaBar E%‘)ooKs’?) oo ., 0.69! 0.52! 0.04! 0.07
Sy KO = 0.670 £ 0.029% 0.013 ; | .
ESB%B%@%&Z‘?%SS&? s | | il O IRA
55?5,2% = 0.662+ 0.039+ 0.01Z Rmengmee | 1 CTomes
ALEPH § o e . 0.847%821 0.16
[Belle, ths Rev. Lett. 108, 171802 (2012)] PLB 492,259 (2000) " ' )
[BaBar, Phys. Rev. D79 072009 (2009)] OPAL | i . 3.20 1891 0,50,
EPJ C5, 379 (1998) ; o *
' World SRD 61, 07200'5 (2000) B 0795
! ria aver . [HFAG] E e
S(i)n (26;l )eefpge: O 691"’ O 017 IISII;lIE:ElS (2015; 031601 "‘ 0151 0047 002
- " - " Belle5S : _i NEs 0.571 0.58! 0.06
. . PRL 108 (2012:) 171801 : " 5 '
| Expectation from global fit:  [cKwFitter] Average . 0,691 0.02
sin(2! )°M = 0.748 %03 2 a0 1z
(- S, i : )
¥ LHCDb precision on sin(2 ! )#is comparable to each of the B factory !
¥ Reduces the small tension between prediction from global fit to CKM
L elements and previous direct measurements y

\
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Measurement of" sin Bs! J/ # K*K* (3 fb1)

[Phys. Rev. Lett. 114 041801 (2015)]

| : .
' Analysis overview ol T
" % - ~96k signal LHCb A
¥ Measures " ¢, $s5, $$sand |% > | evens
| Time-dependent tagged angular %10000?
analysis g
- 3 P-wave + 1 S-wave components 5 5000
| S
a 0 R BT ey SR
5300 5350 5400
| m(JA K'K) [MeV/c?]
- tagging power ~3.7% % 100 LHCb .
L. = f e ]
' Fit simultaneously: o 111
- 6 bins of mkk = | . "
. g 10F N "t E
I Two fit models: = K e
L. : : 2 - 4 e
- polarisation independent  (baseline) g o
- polarisation dependent O 100 #++1++++*+ E
(necessary, if CPV does not affect all 090 1002 1old 1026 1038 1050
polarisation states equally) M(K'K") [MeV/c?
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http://arxiv.org/abs/1411.3104

Measurement of" sin Bs! J/ # K*K* (3 fb1)

[Phys. Rev. Lett. 114 041801 (2015)]

I Results : (polarisation independent )
Parameter Value S
[y [ps™!]  0.6603 £ 0.0027 £ 0.0015 s UE
AT, [ps~!]  0.0805 % 0.0091 +£ 0.0032 ‘é 1
g g 10
¢s [rad] 0.058 £ 0.049 £ 0.006 S CPeven -
By 0.964 £ 0.019 £ 0.007 1 CP-odd Sl
S- ~.
observe no polarisation dependence (back-up) 10t LR s 10
Decay time [ps
© 3500 = 3500F Q3500
% 3000R :ODE 3000; P 3000;— LHCDb —
£ 25000 S 25008 2500 : ;
% zoooé % 2000; % 20005 _ -
8 15005 g 1500; 8 15002— /// \\\ —
1ooof -c% 1000; 1000%{\ /,\eé
500f O s00F o . s
oEE= oF : -
! ) [rad] cod ,
¥ World most precise single measurement
¥ Consistent with SM prediction
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Measurement of" sin Bs! J/ # " # (3 fb1)

[Phys. Lett. B 736 (2014) 186]

' Analysis overview > 2000EBC ! VIIHKH " S ’U;Cb
>
¥ Measures " s, and |% QOOEX BUL DRI
. Z 5000 S
| Time-dependent flavor- Saoob it ~27k signal
tagged amplitude analysis E oooE N L [ } events
e
- 4D fit (1is > 97.7% CP-odd @ 95% CL) 5 2000 ‘\ -
_ 3 0 O 000 Combinatorial
- taggin ower ~o. merscna A sacea. s
e : obraetier il NG BULWEK
| Its - 3300 « 5400 5500
' Results : B! 1JH&O m(J/ymT) [MeV]

. =0.0/70%x 0.068%+ 0.008 rac
| =0.89+ 0.05+ 0.0

. =0.0/5%+ 0.06/7% 0.008 rac
for %obxed to one (no direct CPV

[Phys. Rev. D 89, 092006 (2014)]
. LHcb

QU

E e Data ' ! !
C —Fit

- ---Signal

[~ Background
- -1,(980)

E - .- f((1525) N
- - £,(1270)
- - - f,(1500) i
" - f,(1790)

Events/ (20 MeV)
|_\
Qo
|

[
Q,
I IIIIIII

[N T PP PP TS L SR LTI S
"""""""

¥ World second most precise single measurement 10
¥ Consistent with SM prediction & world average "

T m( 1) [GeV]

\
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% Combination of " smeasurements

~ . ,,_ | ™
' Toward a precise measurement of S.
I LHCb measurements:

B2 JIK*K' andB2! g/ o+ 0.14|

1% =1 0.010% 0.039rac
[Phys. Rev. Lett. 114 041801 (2015)]

vvvvvvvvvvvvvvvvvvvvv

HFAG |
‘

— 0.12 68% CL contours -
¥Bg! D; D:!s I:,J (A10g£=1.15):
1 8% = +0 .02+ 0.17+ 0.02rad £ 0.10} |
[Phys. Rev. Lett. 113 (2014) 211801] Lf .
<1 .08 \.
I World average: [HFAG] | | mbined
¢ = | 0.034+ 0.033 rac N
0.06¢ ATLAS 19.2 fb™" /
| Expectation from global fit:  [cKkwmFitter] = = = == A ———
SM — 0 .0007 e e ’ ‘ L cZa [ 1)
( )

¥ World average (dominated by LHCDb) consistent  with SM prediction
¥ Expected sensitivity with LHCb upgrade: ! ("s)! 8 mrad

g ¥ It is now mandatory to constrain penguin contributions! y

\_ J
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% Constraining penguin pollution

N
' Penguin pollutionin " s : Polarisation qeriegden;}
I . ’Il ’
¥ Definition of penguin parameters:
e ™
! ! : #2 T | 7Y | i1/ m ¢ c i J /v J/
¥ABJL (M) = 1t o A 1+@die
BY (| W ( B | %
"penguin /tree" ratio suppressed due to : . S -
11 "2/(1" "2)=0.053¢ | '
N J
_ [Faller et al. Phys. Rev. D79 014005 (2009)] [De Bruyn, Fleischer, JHEP 1503 (2015) 145] )
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% Constraining penguin pollution

N
| Penguin p()”uti()n in " S Polarisation dependent:
i1 {0," ,#
¥ Definition of penguin parameters:
s , a
! " o #2 - | 70 L e C ¢ J /0 I/
YA B2l (/M) = 1" A 1+%ee | , (
B (| W ( B’ ;Y' %
"penguin /tree" ratio suppressed due to : : -
11 "2/(1" "2)=0.053¢ '
N J
s ™
¥ A-Bg ! J/! I<_| O)l — " "Ai ”1" a|ellleln‘ J/ J/¥
"penguin / tree" not suppressed anymore B v y
Ideal to study penguin contributionin " s IR § )
but overall rate suppressed "
N J
_ [Faller et al. Phys. Rev. D79 014005 (2009)] [De Bruyn, Fleischer, JHEP 1503 (2015) 145] )
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% Constraining penguin pollution

N
| Penguin p()”uti()n in " S : Polarisation dependent:
11 {0O," ,#}
¥ Definition of penguin parameters:
e , ™
! ! : #2 T | 7Y | i1/ m ¢ ¢ i J /v J/
YA B! 3/1") = 1" > A 1+$ee 7 y e
B | W ( B! i' H
"penguin /tree" ratio suppressed due to : . S -
1" 2/ (1 non 2) = 0.053¢ N\ & '
\ ' )
e ™
y A'BO! J/IK'0) ="rA LY adlidt =P
"penguin / tree" not suppressed anymore " win . o ,
Ideal to study penguin contribution in " s ' o 5| YT -
but overall rate suppressed ' '
\ J
tan(t 177 ) = 2"a; costt sin$ + "%a; 4 sin(2%)
— 1+2"a cost cos$ + "2a;'? cos(2b)
Assuming perfect SU(3) flavor symmetry: ai! = q, !i! = 1
_ [Faller et al. Phys. Rev. D79 014005 (2009)] [De Bruyn, Fleischer, JHEP 1503 (2015) 145] )
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Controlling penguins with Bs!  J/# K™ (3 fbl)

[LHCDb-PAPER-2015-034]

[ A

' Analysis overview

L LHCb
dependent fractions fiand CP Npp = 1808+ 5175
asymmetries AP, and BR o por
S =80 Y B§s?gnal
' Angularanalysis S eok 4 | [+ B2 signa

- = Combinatorial bkg

- performed in 4 bins around the |
K*(892)° (account for s-Wave) Z R .

. : " 5400 5500 5600
polarisation dependent: 1! {0," ,#}

M@J/" K!) [MeV/cF
I Results:

. g A ] glooi— ............... LHCb _:
fo = 0497 £ 0.025 (stat) = 0.025 (syst) 3 S wf
fi = 0179 £ 0.027 (stat) £ 0.013 (syst) 8 8§ oof

ASP(BY —» JWK*%) = —0.048 £ 0.057 (stat) £ 0.020 (syst)

P S _-

ATP(B? - JWK™) = 0171 + 0.152 (stat) + 0.028 (syst) O )
ATP(BY — JWK*®) = —0.049 + 0.096 (stat) + 0.025 (syst) T | | “_
— 100F LHCb Total PDF
0 all s S sop + + § — — - P-wave(even)
B(Bs ! JTKT)= . g GOW -------------- P-wave (odd+interf.)
4.13+ 0.16 (stat) + 0.25 (syst) + 024( ) " 105 T R [ S-wave
\ JoOTE e T S-P interference
\ 2 ° 2#h(rad) y
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Controlling penguins with Bs!  J/# K™ (3 fbl)

[LHCDb-PAPER-2015-034]

@ )

' Penguin control : Sma 1=
. | | | I
I Access penguin parameters through:
AP — (B JU(KTTi) H(BE JN(KT ")) 2a sin#sin$
L(B2 I (K" ) )+ (B (K "*)) 1" 2a; cos# cos$+ a; 2
o | B(B2" J/"K'9f;,  1# 2a; cos$ cos%+ a;?
- B(BO" J/"#) f! 1+2la cos$ cos%+ !2a'2
Ratio of hadronic amplitudes calculated using latest results from QCD LCSR
[arXiv:1503.05534 ]
| Results:
- fit output of o] W ErES
ao = 0.03+9% b= (6473)° L oy '
a = 0.32+355 0y =—(1553°)" i ~o it
a, = 0.45+92 0, = (175+10)° ] N
- translated Into penguin shift on " ol
J/vé , . ) K
G = 0.001338T (stat) S50 (syst) oo (LA/AD | L
J/Yo 0.013 0.031 “
Ad ,/||w = 0.031%538 (Stat)fo.om (syst) o 035 (|Ai/Ail) 01 L
J/ve 0.00 0.0
A¢ /v = —0. O46+8 8}% (stat)fo'oog (SySt)iO.Oéz ( -A:/Az )J 00720 20 60 80 100 120 140 160 1[5(;;)830]0 220 240 260 280 300 320 340 360
. SU(3) breaking effects in back-up )
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Measurement of!l inBgq!J/ #!*1# (3 fbY)

[Phys. Lett. B742 (2015) 38]

* A

| AnaIyS|S overview . 2 801 UEKE A :
¥ Measures 2! ¢ and ' cp = 11 =" : LHCb
_ | CP = o ) ©6000Ek BO! #J#!l | ~18k signal 3
I Time-dependent flavor-tagged D 50006 , 1 events 3
angular analysis 9 \ F E
L (Od led from the ! 1" o ; :
! (" disentangled from the ! ! | < 2000k | Y Bl I E
spectrum using technique from: = ' b ]
[Phys. Lett. B719 (2013) 383] 8 2000 ‘\ Combinatorial E
' Results: S T e =
- fit output: OB | #3%3(8( T 5400 5500
20¢ (B2 J/"#°%) = (41.7 £ 9.6(stat); % 5(syst)’ o MUA S S [MeV]
0 npy 0y — o +7 | 3 > 1400——F———————————
lep (BT J"#7) =" (32% 28(stat), 4(syst)) # 10 %1200; LHCh _E;t| E
- translated into penguin shift on " & 1000F ; o :
NG G . i 2 800F i -
llg=! arg —r—m — _ "t "ele T 8 " :

("tedt )+ H"H ! 1)e! g

120 = 29 A VIKE = (1 0.9+ 9.7(stat) 28 (syst)” §

(175% = 0.9+ 9.8(15) mrad at 68%(95%) CL| i

Assuming perfect SU(3) flavor symmetry / size of breaking effects in back-up

\ S
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R

Combining Bs!

[LHCDb-PAPER-2015-034]

JHKO&Bqg!J #!1+#

! Using the method proposed In

¥ Now fit for the ratio of hadronic elements
¥ Assuming:

0.8 z=a 39 % CL.

a =0.07%3
091 1= (85R

[JHEP 1503 (2015) 145 ]

A/ Al

Ai(By = J/vo) | _ | AUBY = J/v9)

Ai(BY = J/YK*0)| | Ai(B° — J/vp°)

10

I 1! L |
== C (B%# JI"# 0
= S B# J"# °)
— ASPB2# J'KD)

a =0.04%5;
L= (385"

== C(BO# J'#9 |
= S(BO# Jr# % ] 09
— APB# J'K ] 0.slle= 39% CL.

1 68 % CL.

\_

07 : gng;gt m=H B0 IO ] 07l 90% CL. = : (EZZ jji—o)so
ik E T | 8600 = 0.000158 (stat) T oog (syst)
e ; | | Ag. = 0.00125314 (stat) G gog (syst)
Zz R \ ‘/ Ad)‘:,/f’ ¢ = 0.003 10015 (Stat)ig:gg; (syst)
_______ _ [?;I . gz]o 0 éo_ e;o_ _1_0;-1—20 140 160 180 0!01 i140 ! fo 0 80 100 ? o
(&S B
¥ Combined results dominated by Bq! J# ! ! -
(access to mixing-induced asymmetry, not available in Bs! J# K*9)
¥ Contribution of penguin diagrams to " sare now
experimentally constrained and appears to be small!
. J
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R

Article submitted to JHEP [arXiv:1503.07055]

Measurement of TDCPasymmetries
INnBs! J/ # KOs (3 fbl)

\

Analysis overview

¥ First time-dependent CPV measurements

In this channel

¥ Flavor-tagged time-dependent analysis:

I simultaneous fittoa mixed sample of
many By and few Bsevents (100/1)

I split sample in two categories:

- Downstream Ks (no velo hits)
- Long Ks(velo hits ! Dbetter resolution)

| tagging power:
- Bs~3.8% / Bg~ 2.6%
I also fits for sin2 ! (as cross-check)

Yield Long K2  Downstream K?
B’ — Jh) K? 27 801 + 168 51 351 + 231
BY— JW K? 307 £+ 20 601 + 30
Combinatorial background 658 £+ 37 2852+ 74

Events / (2 MeW?)

Pull

Events / ( 2 MeW?)

Pull

:I' .‘ \ BS
gl : ‘
'“- !".1!" "
|I|| Il || ||| "h " | I | M | [
| \ [l \IIII u M il
E in P sl E:
0 ‘_\I |I_\ o -'U.-'-‘.- ‘.““. i“l‘J‘v L'I‘h.‘ _'-l\.“n-_l_.' ool e TG ‘."". o
-5E .
5200 5300 5400 5500
My, o o (MeV/c?)
10
10°
10°
10
g b
1k
5F
ol
5E . .
5200 5300 5400 5500
My, o o (MeV/c?)
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http://arxiv.org/abs/1503.07055

Measurement of TDCPasymmetries
INnBs! J/ # KOs (3 fbl)

Article submitted to JHEP [arXiv:1503.07055]

R

g . ——— )
s
I Results : S 10F
Aar (BY— JWK?) = 049+ 377 (stat) £ 0.06 (syst)| & 10F m
Cuir (By— J/Y KJ) = —0.28 £ 0.41 (stat) £ 0.08 (syst) | 2 ok B LTy
Smix (B — J/b K?) = —0.08 + 0.40 (stat) + 0.08 (syst) | E T L Y
- J 1 = .."'.. .l."%, o,
% 5-: + + + " ! " . h S N ! *, N N | 1;
Recent prediction: [arXiv:1412.6834] = 0 g e o A
0 0 3 E
Aar (B = JWK?) = 0.957 4 0.061 5 . N ]

Cair (BY— JK?) = 0.003 £ 0.021 t (ps)

Suix (B= JAWK?) = 0.29 +0.20 9 e & LHCb
g . ) IS E
¥ Successful proof of concept waiting S L oF ;
for more statistics &
¥ Can be used to estimate the penguin 1E 4
effects in sin(2 ! ) s 5t s

\ ) N:
= | E
5 10 15
t (ps)

\
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o

Summary and Prospects

with SM prediction

' Toward precise measurements of mixing
phases ad CP violation in the

B system:

¥ LHCDb precision on sin(2 ! )#is comparable to
each of the B factory!

¥ LHCb dominates "

s world average consistent

¥ Precision will further increase with Run2 &
LHCb Upgrade adding statistics and new
measurements!
[ Observable Mode Run 1 Run 2 Upgrade CKMFitter |
(2010-12) (2015-18) (2019-?7?) (2015)
3fp ! 8fb ! 50fo !
sin(2!) BO1 J" Kg 0.040 0.021 0.007 " 0.030
#s BQ I J"K*tK' 0.049 0.025 0.008 " 0.001
B! J"'$*$ 0.068 0.035 0.012
q Combination 0.039 0.020 0.007

¥ Shown to be small!

\_

! Contribution from penguin pollution:

¥ First step in controlling penguin contributions

S|n(2 ) >S|n(2 q) E\

PRELIMINARY

BaBar : ll _

0.69! 0.03! 0.01

PRD 79 (2009) 1072009
BaBar r , K ¢ 069! 052! 0.04! 0.07
PRD 80 (%00055 112001 ‘
BaBar J/s(hadromc) Ke { 156! 0.42! 0.21
PRD 69 (2004):052001 S P
Belle : ; - 0.67! 0.02! 0.01
PRL 108 (2012) 171802 | Mo
ALEPH : e . 0.84'81 016
PLB 492, 259 (2000) e !
OPAL ; 3.20 3801 0.50,
EPJ C5, 379 (1998) )
CDF N 0.79 0
PRD 61, 072005 (2000) i
LHCb ' : - 0.73! 0.04! 0.02
PRL 115 (2015) 031601 ! "o
Belle5S 1 ' N 0.57! 0.58! 0.06
PRL 108 (2012) 171801 *
Average : 0.69! 0.02
HFAG
-2 -1 0 1 2 3
0.14 HFAG
= 0.12 68% CL contours |
L - (Alog £ =1.15)
“— 0.10r | cDF 9.6 b
0 LN
3 AN
0.08 . \
-\ mbined
yl
|
. —— SM
0.06 ATLAS 19.2 b~
A A A A /
-04 -0.2 0.0 0.2 0._4
@SS [rad]
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% Measurement of" sin Bs! D *sD¥s (3 fb)
[Phys. Rev. Lett. 113 (2014) 211801]

! Analysis overview

800F T
: ---B" DD,

1 § |

¥ Measures " sand (% 2 :t:)Cb B D KK
i o 600 o .oa
| Time-dependent flavor-tagged 5 [-3350signa .
analysis (classic fit) g 400 CVENS Ms siol
"é 1 combinatorial A
- purely CP-even mode S 200/ ]

(no angular fit needed)

- Ds reconstructed as KK!, KI! or !l e EE— =
. 00, 2
- UsingB%" D*D"s as control channel M(Ds Ds) [MeVic?]

- tagging power ~5.3% 0 |
§; LHCh
' Results : g
¢s = 0.02 & 0.17 (stat) £ 0.02 (syst) rad 2 H :
IA| = 0.91 1512 (stat) £ 0.02 (syst) 7 " Wq\l\ 11 s
[ Consistent with SM & world average ] I Deca)Eme [p;]
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http://arxiv.org/abs/1409.4619

D *sD#s (3 fb1)

% Measurement of" sin Bs !
[Phys. Rev. Lett. 113 (2014) 211801]

| Systematics

Systematic uncertainty ¢ (|A| = 1) Ds Al

Resolution 10.098 o 1+0.094 ¢ =£0.100 o
Mass 1+0.044 o 1+0.043 0 =£0.010 o
Acceptance (model) +0.022 o +0.027 ¢ £0.027 o
Acceptance (stat.) +0.013 o +0.013 ¢ +0.014 ¢
Background subtraction =+0.009 o 1+0.008 ¢ =£0.046 o
Total 1+0.11 o +0.11 0 =£0.11 o
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Measurement of" sin Bs! J/ # K*K* (3 fb1)

[Phys. Rev. Lett. 114 041801 (2015)]

v
.
10
d*T'(t)
2 — E :Nkhk(t)fk(oKaola ¢)’ BY
dm, j-d cos Ok d cos 0;do —
3 Al't . At .
hi(t) = —e T < aj cosh —— + by, sinh —— + ¢, cos(Amt) + dj, sin(Amt)
47 2 2
Sx N ag by Ck dy
&5t |Aof? 11+ M) —|Xo| cos(6v) 11— Aof?) Ao sin(@y)
$oxc(l—cisf) | 14,7 1 +100) —\y | cos(,) - a ) || sin(g,)
dok(1—s3e?) | |ALP | L1+ ALP) . ALl cos(¢.) 3 =[AL) —|AL|sin(o_)
g[sin(a,—m—,\ A 1,[|A_ sin(6, — &, - ¢,) i[sin(é,—é)ﬂl\z\;] —é[l/\. cos(d, — & ~o.)
sicstsac, A A L ;
sin(6. —~&, —d._+¢ )J +|A]1|sixn(6|;—6-—o)] sin(d. — 48, —o_+¢) +|A) | cos(d = 8. — &)
3 [Cw{&l = &)+ Ao - []'\0| cos{dy — &) — o) 3 [COS(&J = &) = Aoy | =3 || Aol sin(d — &) — o)
V2sxexsicies | |AcA| . g
(‘05(60—6” - 0y + O )] <A 1005(6H o )] 606(6(1 —6| —On-é-é][)] +|A |sin(6 -8 -0 )
—§[sin(6<,—6-)— Mo g[n.,mn(éo—a, - do) -glm(&—é_)ﬂ,\ox, ~3{ 120l cos(dy - 5. — o)
~V2sexsics, | | ApA_| . o . L X
sin(dp—d6. —dp+¢.) +Alsin(d. - —9.) sin(dg—4_ —dp+¢.) + AL cos(d, —dy—9.)
|As[? 11+ ) As| cos{és) 11— ) —|Ag| sin(gs)
1: [008(63 = 8)) = AsAy| i, I]/\s cos(ds — & - 9s) i, ICCS(J.Q = &)+ |AsAyl .:,[[/\s sin(ds — 8 — 93)
;'%sh's,-c;c‘, AgA| ,
conlss ~6 =05 +0)| | -Nileos(8y ~ds-0)] | con(bs 8y - 65+ D sady s - &)
-1 [ﬂa..(ss —6)+srl| | -} [1»\5 sin(6s —8. —¢s) | -} [ain(és —6)-sAl -3 [— |As| cos{ds — 8. — ¢s)
- f;ah—s;q% |AsA_ | .
sin(éds — 6, — o5+ o,)J —|A.lsin(é, —ds—0_) sin(ds — 8. — os + o_)] +|A_|cos(6, —85 -0, )J
i [ws(6s ~&)-Pshol | & [lAsl cos(fs — b —0s) | 3 [CUS(JS - &) + Ashol i [v\q] sin(6s — & - 6s)
;%Ch’sf |AsAg|
cos(ds — 8y — @5 + %)] —|Ao| co8(dy — s — Ou)] cos(ds — & — ds + w)] —| Aol sin(do — b5 — m)}
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http://arxiv.org/abs/1411.3104

[Phys. Rev. Lett. 114 041801 (2015)]

% Measurement of" sin Bs! J/ # K*K* (3 fb1)

I Results : (polarisation independent )
Parameter Value
T, [ps™l]  0.6603 = 0.0027 & 0.0015 ~ 10° N
AT, [ps~!]  0.0805 =+ 0.0091 + 0.0032 < - ]
A, |2 0.2504 + 0.0049 =+ 0.0036 3 ~
| Ap|? 0.5241 + 0.0034 + 0.0067 ‘g“ 10° ¢ E
o) [rad] 3.26 Ty'17 Zo07 § 10 Total PDF i
6, [rad] 3.08 15 £ 0.06 [ GP-even
-0
s [rad] —0.058 + 0.049 + 0.006 ES_Wa\,e
By 0.964 + 0.019 & 0.007 10t —— '
Amg [ps™l]  17.711 T9955 4 0.011
o S BT — ] Q
% 5 30005 LHCb 3 %
& S 2500W 5
S g oo -
S _‘;E 1500~ S~ -7 ~~3 8
€ 1000k _ e P
O 500;_ \\\\_’//’/ \\\~_,f’/ _i
bz n e S pn
cosl I [rad]
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Measurement of" sin Bs! J/ # K*K* (3 fb1)

[Phys. Rev. Lett. 114 041801 (2015)]

| Systematics : (polarisation independent )

Source I, Al A7 |Ao|? 0 41 Os Al Amg
[ps~!]  [ps™’] rad] [rad] [rad] [ps™*]
Total stat. uncertainty 0.0027 0.0091 0.0049 0.0034 919 *0I% 0.049 0.019 FPP8
Mass factorisation 0.0007 0.0031 0.0064 0.05 0.05 0.002 0.001 0.004
Signal weights (stat.) 0.0001 0.0001 — 0.0001 , — — — -
b-hadron background 0.0001 0.0004 0.0004 0.0002 0.02 0.02 0.002 0.003 0.001
B feed-down 0.0005 ' - ' - '
Angular resolution bias 0.0006 0.0001 992  0.01 - :
Ang. efficiency (reweighting)  0.0001 0.0011 0.0020 0.01 0.001 0.005 0.002

Ang. efficiency (stat.) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.004 0.002 0.001
Decay-time resolution ' — , 0.01 0.002 0.001 0.005
Trigger efficiency (stat.) 0.0011 0.0009 - ' = - '

Track reconstruction (simul.)  0.0007 0.0029 0.0005 0.0006 *90% 0.002 0.001 0.001 0.006

Track reconstruction (stat.) 0.0005 0.0002 0.001
Length and momentum scales  0.0002 , , - - 0.005
S-P coupling factors - 0.01 0.01 0.001 0.002
Fit bias 0.0005 - 0.01 - 0.001

Quadratic sum of syst. 0.0015 0.0032 0.0036 0.0067 *905 0.06 0.006 0.007 0.011

\
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Measurement of" sin Bs! J/ # K*K* (3 fb1)

[Phys. Rev. Lett. 114 041801 (2015)]

I Results : (polarisation dependent )

Parameter Value o - - -
X 1.012+0.058 £0.013 & *° cp
Al/X0) 1.02 £0.12 £0.05 = ©0°F ]
A/ 097 £0.16 £0.01 £ I ]
A%/ 0.86 +£0.12 £0.04 3T ¢
@9 [rad] —0.045 £ 0.053 +0.007 § *°F Total POF

I — 0 [rad] —0.018 = 0.043 % 0.009 1 CP-odd

¢ — ¢2 [rad] —0.014 % 0.035 & 0.006 101E.S'VY""V€

¢S — ¢ [rad]  0.015 = 0.061 = 0.021

g 3500 , , @ IJ/O——T————T—————T— . 8
=~ 3000 1o 3000F LHCb -
(73] :\ (=) u . 8
[ F ' i + : =
2 2500F \ ©, 25008 =
© C \ -~ o + ] o
T = » 2000F = S
_c% 2000; \ 8 y //-\\ //—-\\ . %
S 15008 AN S 1500F_ ~__~ ~4 8
- = g E
1000F- N C 1000E- e =
E /”’— — 8 - \\\ /// N 7
500F -~ 500F St Sso_ LTS
- .7 C 7]
zl_.l_ ..... o =y === -~ 0.. .................. == T == =
01 0.5 0 -2 0 2
cos! ! A [rad]
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Measurement of" sin Bs! J/ # K*K* (3 fb1)

[Phys. Rev. Lett. 114 041801 (2015)]

| Systematics : (polarisation dependent )

Source O] /XL IXE/NO| IAS/XO] g0 s — ¢l o — ol ¢S — &Y
[rad] [rad] [rad] [rad]
Total stat. uncertainty 0.058 0.12 0.16 0.12 0.053  0.043 0.035 0.061
Mass factorisation 0.010 0.04 0.01 0.03 0.003 0.005 0.003 0.016
b-hadron background 0.002 0.01 - 0.01 0.003 0.001 0.001 0.009
Ang. efficiency (reweighting) ' 0.02 0.001 0.002 0.001 0.007
Ang. efficiency (stat.) 0.004  0.02 0.01 0.01 0.004  0.007 0.005 0.004
Decay-time resolution 0.006 0.01 - 0.01 0.003 0.002 0.001 0.002
S-P coupling factors ~ , , 0.006
Quadratic sum of syst. 0.013 0.05 0.01 0.04 0.007  0.009 0.006 0.021

\
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Measurement of" sinBs! J/ # ! *1# (3 fb1)

[Phys. Lett. B 736 (2014) 186]

' Analysis overview

¥ Measures " s, and |%

| Time-dependent flavor-
tagged amplitude analysis

- 4D fit
- tagging power ~3.9%

LHCb

Bs! J/ ###

~27k signal
events

Combinatorial
- amplitude fit performed only - 1—'75(29(4)0 5400 5500
on events within £+ 20 MeV S m(J/yn') [MeV]

from the Bs mass peak [Phys. Rev D 89 092006 (2014)]
E e Data I

E—Ft LHCb
- ---Signal

[~ Background
- -,(980)

E - .- f((1525)
E _ £,(1270) . St :
- _f(1500) .
[~ - ,(1790)

=
QU

- study " invariant-mass up to
m= ~2.3 GeV

- Includes 5 resonant + 1 non-
resonant amplitudes

- 11 1s>97.7% CP-odd @ 95% CL

[
Q,
IIII

Events/ (20 MeV)
|_\
=N
|

At AR ORR S STt v tovss JSN
---------

T m( ) [GeV]

\
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http://arxiv.org/abs/1405.4140
http://arxiv.org/abs/1402.6248

Measurement of" sinBs! J/ # ! *1# (3 fb1)

[Phys. Lett. B 736 (2014) 186]

| Results : Qa0 LHCb 3

O 3000k —

| o 500,070k OL0f6tsias ULOI0ES [fele Eiiﬁzg
1| =0.89+ 0.05+ 0.01

¢ = 0.075+ 0.067+ 0.008 rac =

for %bxed to one (no direct CPV) DESS LU N S
m(l *1°) [GeV]

2

10

Combinat
B

S 8 g

o o o (@)
terrrrrrryprrrryrerrypra

C

2400~ " T 3 - - -
P! — = o o (@) -
S 22008 (g LHCDb = & 1200F 2 1200F
=~ 2000F = 2 - 2 -
B B e 5 S 1000 5
T O1400F= e R -5 = 800F 3
£ 1200 T = -
600
‘EJ 1000F- —= g C g g
G 800E- = O 400F# .~ O 400f g
O 600E- - .y
QOO Bttt = 200} 200 s
200F- = 2 .
A A 55 Of O ——— e 5
....... N S N ] o i B B e
5 0 5 S 1 05 0 05 )
cos", .,

\
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% Controlling penguins with Bs! J/# K™ (3 fbl)

[LHCDb-PAPER-2015-034]

(! Penguin pollution in " swith Bs" J/# K™: h

¥ Phase shifton " s as a function of penguin parameters

2"a cost sin$ + "2a; ' sin(2%)
1+ 2"a cost cos$ + "2a;'2 cos(2)

Ji 1
b (§I e S —

¥ Access penguin parameters through:

ACP — !(B_g! J (K+"! )i)"!(Bg! J! (K! "+)i) — 2a; sin #; sin $
A (B2 JE (K ) )+ (BOY (K ")) 7 1" 2aj cos# cos$+a?

S LIAIPB(B2" J/"K'O)fi _  1# 2a cos$ cos¥et a2
oAyt BBOT J/tm) 1T 1+ 214l cos$ cosvr 123,12
Ho = 0.99+ 0.07 (stat) + 0.06 (syst)*+ 0.27 (|A;/ A;i])
H. = 0.91+ 0.14 (stat) = 0.08 (syst)+ 0.21 (|A:/A;|)
Hs = 1.47+ 0.14 (stat) = 0.11 (syst)+ 0.28 (|A:/A;|)
N | | /
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({46 Controlling penguins with Bs!  J/# K* (3 fir?)

[LHCDb-PAPER-2015-034]

' Penguin pollution in

" swith Bs" J/# K™:

e H;, related to the branching ratios and polarization fractions,

+

Hi !

Tr

B(B2" I K )peo fi

, .
}iA}!Z PhSp B2 " J/"#
" A" |PhSp@BO " J"K'0) B(B2" I/ "# )heo T

Ratio of phase space factors for B

V V taken as:

PhSp(B — Vi V) =

1
o
167rm3 (

mvl sz
9
mp mTMpg

\_

All other mass dependencies absorbed in

where * Is the standard 2-body phase-space factor.

Al
Al

~N
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({46 Controlling penguins with Bs!  J/# K* (3 fir?)

[LHCDb-PAPER-2015-034]

4 . . . \ )
' Penguin pollutionin " swith Bs" J/# K™:
e H;, related to the branching ratios and polarization fractions,

| " # —
1IAN? Phsp B2 J/"#  [B(BY" J" K %)eo
|

A PhSp@B2" IR0 BB I/ H# )eo [

—

Hi !

—h

Theoretical vs experimentally observed BR

B(Bs%f)theo_[ l_yg ] _AFS
BB, = few |1+ Aarys| * 77 oL,

where A -+ is the CP observable related to the amplitude of the sinh term.

I Taken to be equal to zero for B s" J/# K™ (flavour specific decay)

I Calculated for each polarisation in Bs " J/# " assuming penguin
parameters equal to zero.

\_
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Controlling penguins with Bs!

[LHCDb-PAPER-2015-034]

JI# K™ (3 fbr)

4 . . . - R
' Penguin pollution in " swith Bs" J/# K™:
¥ Assuming perfect SU(3) flavor symmetry: a=a,! =1
- [ ASE K ) - a=03%% | | - '.:.'AFPV(BSV# ) N Sy = ATe ik
09 HOBY" IMK™) | Rt (P ;,I C(Elﬁ*ﬁo) H'BO# K |l Z‘Z _ ;9;;2%%%) H' (BO" J/“K%)‘
& 0:5“ & 0:5 A .
ag = 0.03+9-97
a) = 0.32703
a, = 0.45702 6, = (175+10)°
J/vo __ +0.087 +0.013 +0.048 /
Agily” = 0.001Z501 (stat) o008 (SYSt) o030 (|Ai/Ail)
J/vo __ +0.049 +0.013 +0.031 /
Ag. " = 0.031I503s (stat) "g013 (SYSt) o033 (|Ai/Ail)
J/ve __ +0.012 +0.007 +0.017 /
Ag,'" = —0.0467 ;5 (stat) " gos (SYSt) g o2s ([ A/ Ail)
\_ _J
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Controlling penguins with Bs! J/# K™ (3 fb?)

[LHCDb-PAPER-2015-034]

r

\_

| Extended fitusing Bs" J/# KPand Bg" J/#!*#:

¥ Using the method proposed in [JHEP 1503 (2015) 145 ]
and Bq" J/# ! *1# inputs [Phys. Lett. B742 (2015) 38 ]

¥ Also fit for the ratio of hadronic elements AL/ Al
¥ Imposing: | Ai(B; = J/vé) | | AUBY — J/v¢)

Ai(BY — J/YK*)| | Ai(B° — J/1p°)
¥ Assuming perfect SU(3) flavor symmetry: a=a,! =1
Lo == Co(B"" JI'# 0) ]\1 B =0.0791 = C(B0# %0 | 0 o C-(BOF JI'# O |
0.9 == So(B®" JI# 9 09 .= 1 (8573)% = S(B# JI'# °) 09 = S (B# JI'# 0)

— ASPB# JIK %)
mm H (BO# J/# )
H Bo# Ik ™) |

= ASPBY" KT ]
m= HOBO" J1% )

0.8 =a 39% CL.

ASP(BO# JI'K ) 08
1 68% CL. = °

= H (BO# JI# ©)
H'(BO# 'K ™)

0140120 0 20 40 60 80 100 120 140 160 180

O XX 2
00 S Y o e OO0 XXX RIS e %
171801 160! 140! 120! 100! 80 ! 60 ! 401 20 O 20 40 60 80 100 120 140 160 180

SRR
0.0 DR R R R IR R IR IR
171801 1601 140 120! 100! 80 ! 60 ! 40 ! 20

1o [deg] l. [deg] I [deg]

o /
ag = 0.017) O = — (823221 A, I" = 1.2331007%
a) = 0.07X5; 0 = — (85%¢3) Ao | = 11907005 !
a; = 0.041012 6, = (38%112)° | = 10391058
L
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Controlling penguins with Bs! J/# K™ (3 fb?)

[LHCDb-PAPER-2015-034]

4 . L . . . .
' Penguin pollution in " swith Bs" J/# K™:
¥ Allowing for SU(3) flavor symmetry breaking : & =!! &g ,": =" + #

01 68% CLband : : : : 01 : : : : : : : : : 01
’—r///
0.10 o4 010

0.05 0.05r 0.05;

0.0 o0 o0

1 0.05 1 ! 0.05 1 1 0.05

| . . . . . . . . . | . . . . . . . . . | . . . . . . . . .
H01G 5 10 15 20 25 30 35 40 45 50 H 010 5 10 15 20 25 30 35 40 45 50 H 010 5 10 15 20 25 30 35 40 45 50
Uncertainty onl [%)] Uncertainty onl [%)] Uncertainty on! [%]

Uncertainty on - (%)

Phase shift on " salmost insensitive to SU(3) breaking parameters
(less sensitive on , than on -)

\_
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[Phys. Lett. B742 (2015) 38]

% Measurement of! inBg!J/ #!*1#(3fb?)

' Limits on penguin effects

A(BO! JI" %= £ 1" ad'é’ Coy_ 11l adie _ 1 |
n Pl = ere! TP
ABJ! JI")= A& 1" €' € ! ; 1l o T
— el — .
11 "2/(1" "2)= 0,053 P2t = 21~ 1 21 =1arg 11 ad g
(L 1)+ 1) .
I nl n i!
. - S . arg (..]!ceZi! | 1)+ #("]!c | 1)62“ f | |e
¥ Assuming perfect SU(3) flavor symmetry:; a = | =1
!2!:-213/!"!213/”&% T T T 5
0.355—_ 95% C.L. LHCb 3
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Measurement of!l nBg!J/ # !l

[Phys. Lett. B742 (2015) 38]
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' Analysis overview
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% Measurement of! inBg!J/ # ! *1#(3fb?l)

[Phys. Lett. B742 (2015) 38]

! Effect of SU(3) breaking on penguin pollution

¥ Perfect SU(3):
1 15 =0.9+ 9.8(15) mrad at 68%(95%)

¥ Breaklng for the strong phase

- for identical magnitudes
- no significant variation of the limits on the

shifton " s due to penguin contribution

¥ Breaking for the magnitudes
- taking largest deviation from strong phase

0, 95% CL region [deg]

breaking effect 6 0.0 (%eg] h
: . : : : en n stron ases
- ratio of magnitudes varied in the interval 0.5to 1.5 pengul gp

In J/#. and J&"
- shifton " s due to penguin contribution
proportional to ratio of penguin amplitude
magnitudes in J/ #. and J/#"

1 152 =0.9% 18(30) mrad at 68%(95%) Cl
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% Measurement of! inBg!J/ #!+1# (3 fbl)

| Systematics

Sources ¢s(mrad) A
Decay time acceptance =0.6 £0.0008
Mass acceptance =0.3 £0.0003
Background time PDF +0.2 £0.0011
Background mass distribution PDF +0.6 £0.0016
Resonance model £6.0 +0.0100
Resonance parameters =0.7 £0.0007
Other fixed parameters +0.4 +0.0009
Production asymmetry +5.8 +0.0017

Total +8.4  +0.010
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% [Phys. Lett. B742 (2015) 38]
;

Measurement of!l inBgq!J/ #!*1# (3 fbY)

|1l spectrum resonant composition
>"1400
= ..k LHCb C e :
o 12000~ T Signal 7  Component Fit fraction (%)
00) 1000—_ l\:": ---------- ?gc;(Og)round E
? : A - - 1,(500) 1 p(770) 65.6 £ 1.9
_ " f,(1270) ]
g 8005 ; \\ --- #(1725?% ] fo(500) 20.1 0.7
g 600 bk o0 1 f£(1270) 7.8+ 0.6
5 400- | X 1 w(782) 0.647015
S 200 // e N 3 p(1450) 9.0+ 1.8
M e T e ] p(1700) 3.140.7
0.5 1 1.5 2
m( *1) [GeV]
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R

Measurement of TDCPasymmetries
INnBs! J/ # KOs (3 fbl)

Article submitted to JHEP [arXiv:1503.07055]

~

| Systematics
Long  Downstream
Source Aar Cgir Soix R % 10° R x 10°
Mass modelling 0.045 0.009 0.009 15.5 17.2
Decay-time resolution  0.038 0.066 0.070 0.6 0.3
Decay-time acceptance 0.022 0.004 0.004 0.6 0.5
Tagging calibration 0.002 0.021 0.023 0.1 0.2
Mass resolution 0.010 0.005 0.006 12.6 8.0
Mass—time correlation 0.003 0.037 0.036 0.2 0.1
Total 0.064 0.079 0.083 20.0 19.0
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The LHCb experiment
Detector overview

¥ Forward General-Purpose Detector at the LHC
¥ ~30 % of heavy quark production cross-section with just 4% of solid angle

¥ Two-level trigger:

— Tracking system - LO hardware (12 ! 1 MHz)
momentum resolution - HLT software ( 1 ! 0.005 MHZz)
Vertex detectpr 'plp = 0.4% N 0.6% _ S y 1o
reconstruct vertices e e V/ery good 1(2)
decay time resolution: 46 fs | Good 1(h)
IP reconstruction: 20 Om
Collisions <
@ 40 MHz
| -
~12 MHz
visible : .
interactions -3 ' Dipole magnet
(2012) : 4 Tm
normal conducting
;ﬁfgﬁgspmamy Muon system
Calorimeters

RICH detectors
K/!\/p separation

energy measurement
particle identification
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