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Brief introduction to B? ; meson mixing
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Large mass of b quark allows for reliable calculations.
Mixing is FCNC process — sensitive to new physics contributions.

Need precision measurements.
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MBO =

N =

Am = 1\11{ — ML
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B, ; mixing observables

(Mg + M) = My,

2|M;is|,

I'=

Al'=Tr —T'n=

(ML +Tu)=Tn

N |

2|P12| COS P12

SM predictions (Lenz et al, 1102.4274, 1008.1593)

BO B?
@12 [rad ] —0.075 £ 0.024 0.004 £ 0.001
I'ps~'] | (2.7+05)-10°3 0.087 £ 0.021
Am [ps~1!] 0.555 4 0.073 17.34+2.6
arg —(414+£06)-107% | (1.9+£0.3)-107°
#°C° [rad | 0.84 +0.05

m Flavour specific final states

FBO—Q -T
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, assuming no CP violation in decay
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(Guennadi’s talk)
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CP violation in B! meson mixing/decay

b Viv t Vtt S
By W~ W+ B
S Vi t Vie b

Gmix = arg(My2) = 2arg(Vis Vi)

m Decay to CP-eigenstate f
= =0
A¢ = (f|H|B%), A¢ = (f|H[B")

m Use interference between mixing and decay
to measure CP-violating phase

bs = Gmix — 2Pdec

m Possible pollution from penguin decays.

C
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d)dec = arg(VcsVZb)

¢dec

¢mK BO / ¢dec
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How to measure ¢,

efl—‘t
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The GOLDEN mode: B! — Jip¢

ATLAS-CONF-2013-039
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m Many of the results in this area rely on efficient triggering on dimuon events.
m LHCb has lower pr thresholds than ATLAS/CMS (typically ~ 4 GeV).

m Important to understand efficiency of trigger as a function of B decay time.

Invariant mass Jly K'K” [GeV]

Yo
/végy} &
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Closer look at the K"K~ system in B! — J//K K~

500 ¢
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m Modified Dalitz analysis of the J/i) KT K~ system to understand higher order K+ K~
resonances.

m Possibility of using B — J/pf(1525) for CP violation studies.?

1
Phys. Rev. D, Phys. Rev. Lett. 108 (2012) 151801, Phys. Rev. D86 (2012) 092011
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Separating CP-odd and CP-even

/’25 m Spin-0 particle (BY) decaying to two spin-1
AUL particles (JAp, ¢).
A = Final state is ad-mixture of CP-odd and CP-even.

J /Y + S-wave y
0
BY

< wr
K x__w\
@
Pmix / Oy
-0 (] % . z

hi(t) = Nje Tst [ak cosh (%Afst) + b sinh (%Afst)
+ ¢ cos(Amgt) + d sin(Amst))

k Fr(Os Ok Pn) Ny ak by Ck dy
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3 | sin? 0k (1- sin? 6, sin? goh) |AL)? 1 -D C S
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8 % 6 sin O sin 26, cos ¢y, |[AsAy| | Ccos(d) —ds) Ssin(d) — ds) cos(d) — ds) Dsin(§) — ds)
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Projection of time-dependent angular fit

m 4D, background subtracted fit using sWeights.

B Angular acceptance extracted from simulation.
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Al s — ¢s contours
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m Main systematic comes from the tagging, decay time acceptance and knowledge of the
background.
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arXiv:1204.5675v3, PLB

m BY — Jipmtn~ is another b — Ccs transition.
m 7hrT is > 97.7% CP-odd @ 95% Conf. Level.
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Precision measurement of

LHCb 1fb" + CDF 9.6fb" + DO 8fb' + ATLAS 4.9fb’!
— T T T T T

—025F ]
% C HFAG I
= ]
- 02 -
< E ?E?;C]}_C(in;gl)ns 1 = Only now are we reaching
0.15F gL=t ] precision that is required to look
[ ] for small deviations from the
C ] SM.
0.1 ombined - - -1
L 1 = With LHCb upgrade (50fb™—")
L ] expect precision on ¢s of
005E AS 71 0.007rad.
0 C [ ' [ | 1
-1 0 1
0, [rad]
os =0.01 + 0.07 (stat) & 0.01 (syst) rad,

s = (M, +g)/2 = 0.661 & 0.004 (stat) 4+ 0.006 (syst) ps~?,
Als=Tp —Tg = 0.106 & 0.011 (stat) 4 0.007 (syst) ps—*,
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ReSOIVing the ambigUity Phys. Rev. D 87, 112010 (2013)

m Expressions are invariant under the transformation, giving rise to a two-fold ambiguity.

(¢s, AT, 60, 8,01, 05) — (7 — ¢s, —=ATls, =0, =), — 61, —Js)

m Physical solution: Al's > 0
= the heavy B? eigenstate lives longer than the light one!
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Qbs from BS — Qbe . Lett. 110, 241802 (2013)
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Phys.

¢s € [-2.46,—0.76] rad at 68% CL
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Hopefully help to resolve the sin 23" situation.

Rev. Lett. 110, 241802 (2013)

sin(2p™) = sin(2¢;"™) XY

ELIMINARY
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sin 2/3 USing BO — J/l/’ KP Phys. Lett. B 721 (2013) 24-31

m sin 283 well measured at the B-factories, but we should continue.

m LHCb recently made most precise measurement at hadron collider.

m Update with 3fb~! is ongoing, possibility of precision of 0.01 is possible with LHCb
upgrade and Belle-Il.

sin(2f) = sm(2¢1) fa

PRELIMINARY

BaBar 0/69%0.03 0,01
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=1 BaBar 1, K. ! i 0.69+0.52+0.04+0.07
g LHCb PRD 80 (2008):112001 [
0 0 BaBar J/y (hddronic) K, : 1,56+0.42+0.21
£ B" - J/l[/Ks PRD 69 \'z\‘(’)tg@oszoow ‘”—'—j
? Belle : i 0.6740.02+0.01
< PRL 108 (2012) 171802
ALEPH : : : 0847954016
E PLB492,259 (2000 T T o
> OPAL : : 3.20 330+ 0.50,
%) EPJ C5, 379 (1998) PR
CDF : : 0.79 %4
PRD 61, 072005 (2000) —r o
LHCb ; ; 0.7340.07 +0.04
LHCb-PAPER-£012-035 N
Belle5S H : 0.57+0.58 +0.06
PRuos(zowe) 171801 '_*'_'
L a\gireage : H : 0.68+0.02
10 : : :
t [ps] -2 - 0 1 2 3
SJ/TZ) ko = 0.73+0.07 £ 0.04
S r — T
— _ 'BOf B8O ¢ .
Cypre =0.03+£0.094+0.01 Acp(t) = B = o5 o sin(Amt) + C) o cos(Am t)
S FBo_n"*'FEUﬁf S S
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PengUin p0||uti0ns Phys. Rev. D 86 (2012) 071102

m Penguin contributions to ¢s are expected to be small. How can we control them?

m Possible to use BY — JipK*0(892) (b — &cd) via U-spin symmetry.
B Angular and time dependent analysis.
B Direct CP asymmetries.

e A
- sing! / [
colour singlet { ‘ “ J/’l/)

exchange

onese (] 1y
‘hange A |
NV

Candidates / (6 MeV/c?)

5200 5400 560%

M,k (MeV/ c?)
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USing Bg — D;T('Jr New J. Phys. 15 (2013) 053021

N(unmixed) — N(mixed) cos(Amt)
= o
N(unmixed) + N(mixed) cosh(AT't/2)

Arnix (t)

m 5 different Dg decay modes: Ds — (K*K~)n~,Ds — (K= 7n")n—,Ds —+ ntn 7~
m 2, 3, 4 track displaced vertex trigger. — 34k events
m 1 large IP track, pt > 1.7 GeV/c.

Q) | a) — - « data S b) Do - « data
3 L L | . —>K*K
3 4000 Dioom g 2 —fit
E L M B)— D" E r W B)-D,n*
IS MB—»DK'[ < 2000 W B-D.K*
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S L M comb bkg. S | LHCb [ comb. bkg.
= b=
g g |
g g
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(Ds T*) invariant mass [MeV/c?] D, 7*) invariant mass [MeV/c?]
< [c) KK ° data % [ d) DK ntn-  © data
N + D,—»K'K n = - T
z — fit 20 ) — fit
2 2000 mE-Dw [ 2 T W B
SO M B-DK* < 500 M B)-DK*
g LHCb mimisiabkg| 3 | LHCb misid. bkg.
é 1000(~ [ comb. bkg. 3 r [ comb. bkg.
b=
8§ F g L
C- 0 1 L n
5350 5400 5450 5500 5550 5350 5400 5450 5500 5550
(D, m*) invariant mass [MeV/c?] (D, m*) invariant mass [MeV/c?]

18/30



New J. Phys. 15 (2013) 053021

AmSM =173+ 2.6ps™!
Amg = 17.768 & 0.023 + 0.006 ps

E | e Tagged mixed
g E o Tagged unmixed
< 400 $ —— Fit mixed
w - £
% | Bd e Fit unmixed
=
= i
5 200

C n n

0 1 2 3 4

decay time [ps]

m Magnet polarity reversed periodically to cancel detector asymmetries.

m Main systematic from length and momentum scales.
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USing BO — D7T, BO — J/i/’ K*O Phys. Lett. B 719 (2013) 318-325

LHCb

+B°-
— combined

D

Raw asymmetry

5 10 15
B decay timet [ps]

Raw asymmetry

D

SM
Am3;
Amd

S <
i
PRI I R

1‘0 15
B decay timet [ps]

= 0.555+0.073ps~*

= 0.515+0.005 £ 0.003 ps—

A ®) N(unmixed) — N(mixed) cos(Amgt)
s (t) =
e N(unmixed) + N(mixed) cosh(AT'gt/2)
T T T T T T T T
ALFPH A 0.446 £ 0,026 £ 0019 ps*
(3 analyses) L
DELPHI * " 0.519 £ 0,018 £ 0011 ps*
(S analyses) L
0.444 + 0,028 + 0028 ps*
-l
OPAL o 0.479 £ 0.018 + 0.015 ps
(5 analyses)
0.495 £ 0,083 £ 0027 ps -
o . 0.506 £ 0,020 £ 0016 ps
(1 analysisy L
BAPAR " 0.506 £ 0,006 + 0,004 ps*
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0.509 + 0.004 + 0005 ps’*
+ -l
LHCh 0.515 £ 0.005 + 0.003 ps
(2 analyzes) H

Average of ahove
ljustments
CLEO+ARGUS
(%, measurements}

‘World average
for PDG 2013

‘ HFAG average
without ad justments
iz

X
i1

M

I 1
045 05 035
-1
Amg (ps™)

0.510 + 0,004 ps*

0.498 + 0,032 pst

0.510 + 0,004 ps*
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Semileptonic JAN Sy Anld arXiv:1308.1302
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30000F- - - - Prompt combinatoral  —— & signal

-+ vetacnea comomatona Sum of PUFS

anything) events.

m Time resolution is ~ 1 ps, dominated by
correction to momentum from missing v.

m First observation of BY mixing with only
semileptonic decays.
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Amg = 17.934+0.22 £ 0.15ps ™! Amg = 0.503 + 0.011 £ 0.013 ps—?!
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Consequence Of AFS > O Phys. Rev. D 86, 014027 (2012)

m Leads to different value for BR compared
to theoretical ones. m B has two lifetimes, can define

m Biases of ~ 10%, depending on decay effective lifetime”.

mode.
1 14 2ysAg +y2
1 A Tetf = — | 7o
BRexp(Bg )= BRtheO(BS =) tV¥s 2f] Is | (1 —y2)(1 +ysAsf)
s s Ty

Decay rate

5| LHCb 10 CL !
LHCb 3¢ CL 5

—0.20 —-0.15 —0.10 —0.05 0.00 0.05 0.10 0.15 0.20 time
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b hadron lifetimes

Ny, lifetime arxiv:1307.2476
N A N S
5&5... LHCb (2013) [JypK]

CMS (2012) [JyA]

Experiment

m b hadron decay dominated by
the decay of the b quark.

ATLAS (2012) [JyA]

— N DO (2012) [JyA]

........................ &\\:.........
u TBO ~ TB+ ~ TBO ~ T/\b EEEE — CDF (2011) [JyA]
s N CDF (2010) [A¢x]

m Heavy quark expansion is very — DO (2007) [JyA]
useful theoretical tool for — DO (2007) [Sermileptonic
making predictions. ' N DLPH (1999) [Serileptor

— N ALEP (1998) [Semileptor
o /7’50 =1+ O(l/mg) —o—§— OPAL (1998) [Semileptor
7go/Tgo = (1.00 £0.01) + O(1/m3) T\ CDF (1996) [Semileptoni
_ 3
/7o = 0.98 + O(1/m}) 1 12 14 18
To- /o =17 1[ps

See talk from Roger Jones' yesterday.
See talk from Alex Lenz's later.
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BS — K+Ki effective Iifetime Phys. Lett. B 716 (2012) 393-400

m Penguin dominated decay = sensitive to
NP at loop level.

m KT K~ final state is CP-even eigenstate

= decay is produced by light B mass

eigenstate.
B Assuming no CP-violation: « [
TBO—KK = 1/ s‘ | K-
o, 180F T T ™ 2 T T T
3 160 LHCb @ A 8 1l LHCb (b) -
= 1401 3 © E E
@ 120F Ezfia“ 3 g I Background sybtracted
%100} ek E B wf E
° 80; [ Partially reconstructed é b=l F q
B ok | 1 Comb. back. E § F 1
% 60: | '8 1F -
 wp 1 £
20} TIS trigders 3 | ]
pe po R 1 L L L Il
° 52 54 56 58 B0 2 4 6 8 10 12
My [GEV/C] Decay time [ps]
TngKK = 1.40 4 0.02 ps? Tk = 1.455 £ 0.046 + 0.006 ps

2 bhee 1 071 1839) 24/30



Acceptance ratio / 0.1 ps

JAp £5(980) final state is CP-odd

eigenstate = decay is produced by heavy

B? mass eigenstate.
B Assuming no CP-violation:
TBs—KK = TH-

Main systematic related to acceptance

from MC.

L3 T T T

I LHCb simulation

}"Lifetime measured
rglative to B® — Jap K*

0.3

0 2 4 6

1(ps)

Yield ratio / 0.4 ps
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=
=
it

=
=1
]

Rev.

109 (2012) 152002

=
=
=

T .
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~
Oy}
o
I EPETET NPT

. r T

b (a) LHCb

? 400 -

=

g 200 -

S

0 300 - 1600 |-2'no

m(n'n) (MeV)

LHCb

1 (ps)

Ty, = 1.700 £ 0.040 = 0.026 ps

Iy = (0.588 = 0.014 + 0.009 ps~!)3 ‘
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' K? effective lifetime

Nucl.

Jip K@ final state is another CP-odd eigenstate.
Split sample of events depending on KJ reconstruction (LL, DD).

Phys.

B 873 (2013) 275-292

Determine decay time acceptance using large sample of B® — J/p K9.

Main systematic comes from background parameterisation.

Future: use to control penguin pollution in sin23 from B® — Jiy K9.

ol T ] @ THe
; [ —+ data o~ —+ data
210 mE- Ky S CBO JYK®
o F B~ J/qJKgf ?8 10 —- background
@\8102 S S T background3 g — total
8 5
10 §
&
O 1 P . il 18 1 R ‘H\‘H\\‘\\H\‘HHhHH\‘\HH‘\HH‘H\H‘\HH
s 1‘11 T byt x‘ ;u..u i b b LT !
E !\ TT!I Tﬂ | L \“ E, "’ﬂl““‘l‘ .\ n n | n n
5200 5300 540 5500 5 10 15
Myy Kg[MeV/Cz] B decay time [ps]
j/”jKo 1.639 + 0.022 ps Typkg = 1.75£0.12£0.07ps
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B? lifetime combination

Contours of A(logL) = 0.5

o
hS)
[

» HFAG IR
Re )
(#0220 | ,5:
<
0.15 F
7 AT, = 0.081+0.008
010 BY — J/yhh  R° s = 0.659 & 0.003
. r Measurements (N 1
Combined Theory p(rs, AFS) = —0.19
0.05
7(B? - KTK")
ok ‘ ‘ ‘ : . .
0.62 0.66 0.70 0.74
Is[ps]

m All results (including preliminary) shown up until Beauty.

m Need new measurement of the flavour specific lifetime (B? — D).
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B! lifetime

= T T T ——q
S ]
Experiment 73, (ps) Mode Reference % 60 {;?Cb :?&'ﬁl _E
CDF 046 *OM(star)  £0.03(syst) JA v [6] 2 sof Beigrowd
CDF 11 0.463 0003 (stat)  £0.036(syst) Jp et v [7) S/ 40 E
DO 0448 *$38(stat)  +0.032(syst) Ji ut v, [8] iﬁ 10 3
CDF I 0452 +0.048(stat) +0.027(syst) Jhp w+ [10] = 2 E
=
PDG 2012  0.453 =£0.041 [12] 3
10 4
Table 1: Measured values of the B, lifetime. The PDG 2012 average does not include t! ; ]

result of reference [10]. 62I00 6300 64‘00 65I00
M(Jhyr) [MeV/c?]

m Meson which is a combination of two heavy quarks.
m Treat in a non-relativistic way — test QCD and weak interaction.
m Improved lifetime measurements = reduced BR measurements.

m With LHCb upgrade (50fb~") expect o(7p,) ~ 0.004 ps.
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AmplitUde anaIySiS Of BO — arXiv:1308.5916

b E w
m First observation of B — Jap KT K. Eﬂ{a w BK‘K'
m Amplitude analysis — 3.90 evidence for
BY — J/ip 29(980), a0 (980) — K+ K.
m No evidence of B® — J/i) ¢. ® 2y
m NR contribution dominates. Eﬂ{ ’ Wy
d ﬁ 3 0

s f s F T ;
s 200: S 4of LHCb 3
S g . f Background subtracted
= E T 30F E
8 150F E F ]
_'g F é 20 3
=} =1 H
g 10 ‘ 2 oof jed ) .
o f 8 Be e ]
0 ,
3 opH e
g’ i e L L S S1oE 1 1 1
100 5200 5300 5400 500 1 1.5 2
m(Jy K*K) [MeV] m(K'K’) [GeV]

’ B(B® — Jjp 29(980), 29(980) — KTK ™) = (4.70 +3.31 + 0.72) x 10~/

29/30



m Many results of B meson mixing and lifetime parameters.
m LHC experiments are leading the way.
m Everything consistent with expectations (see Alex Lenz's talk for details).

m Much more to comel

m Better precision — full datasets (LHCb 3fb™!, ATLAS/CMS 25fb™') to
be analysed.

ATy (null test of SM).

Lifetime ratios.

B meson lifetime.

B-baryon lifetimes.
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