INFN VNIVERSITA

DEGLI-STVDI

Istituto Nazionale DI'FERRARA
di Fisica Nucleare

Measurements of B® and BY mixing frequencies at LHCb

Giulia Tellarini

on behalf of the LHCb collaboration

BEACH 2014 - XI International Conference on Hyperons, Charm and
Beauty Hadrons
23" July 2014, University of Birmingham, UK



Introduction to the LHCb detector

Measurements of BS and B? mixing in LHCb

Measurements of B® and B? Production Asymmetry in LHCb

= Performed using 1 fb~* at 7 TeV in 2011 dataset

@ Summary
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The LHCb detector

m Single-arm spectrometer (2 < 1 < 5)

m Large production of bb pairs in pp collisions in the forward
region

LHCb MC.

m Beauty and charm hadrons study: Rare decays, CP violation 5= 7Tev

m Exploit excellent vertex (time) and mass resolution, and
particle-ID

m Crucial role of the trigger (hardware + software): from 20MHz
collisions to 4kHz output

K*/1r*/p separation

Vertex Reconstructio;{ /
IP resolution = 20 g¢m

EcaL HCAL
SPD/PS

| . N
Tracker system Energy Meagy_,’ements -
Ap/p = 0.4 —0.6% l;“" ey, m°
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Introduction - Bg mesons oscillations

BY - BY mixing — Amy B? - B? mixing — Ams
b - - - d b - - - 5
\omel \omEt
1 1 1 1
1 | | |
B W ! s B B W | s B
1 | ] |
1 | 1 1
| u,c,t | I u,c,t |
. . : .

d b s b

m Oscillations of neutral Bg (q=d,s) mesons through box diagrams
m The oscillation frequency corresponds to Amg = my - my

m It represents an important ingredient for the time-dependent CP
asymmetry measurements
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Relevance - the CKM triangle

In the Standard Model the By mixing through box diagram:
Amg o< mg, Bg,f5 | VieVig | (a=ds)
In the ratio ﬁg; most of theoretical uncertainties cancel:

Amg x mpg £2 \Vrs‘z
Amg T mg, S |Viyl?

=

07

06

05

m Amg and Amg provide
useful constraints

04

excluded area has CL> 095

03

m in particular for the
apex of the unitarity
triangle

02

0.4 02 0.0 02 0.4 06

from CKMfitter group - for Moriond 2014

With current world averages of Ams and Amygy, the determination of the apex
is dominated by theoretical uncertainty on £? and —£=

mp,
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http://ckmfitter.in2p3.fr/www/results/plots_moriond14/ckm_res_moriond14.html#etiquette1

Introduction - Amg measurements

Mixing frequency measurements using flavour-specific decays:
m Exclusive reconstructed hadronic decay modes:
= Ams in B — Dy 7t
= Amyg in B® - D—nt and B® — J/ypK*0
m Ams and Amy in Semi-Leptonic decays

Measurements

m Time-dependent analysis

m Mixing asymmetry (q=d,s):

Nunmixed(t) - Nmixed(t)
Nunmixed(t) o Nmixed(t)

A (t) = ~ cos(Amgt)
m Knowledge of the initial flavour of the Bg = Flavour Tagging Tool
m Measurement of the BS decay time = Time Resolution Model

m Experimental mixing asymmetry (q=d,s):

(Amgoy)?
AP(t) ~ (1—2w) exp” 2 cos(Amgt)

BY and BY mixing frequencies at LHCb Giulia Tellarini



Flavour Tagging
Eur. Phys. J. C 72 (2012) 2022, LHCb-CONF-2012-026

m Same Side taggers: exploit the charge of the fragmentation tracks
accompanying the B signal meson (SSK for B?, SSr for B%)

m Opposite Side taggers: inclusive reconstruction of the non signal B
hadron ( OSe, OSy, OSK, OS VitxCharge)

SSPion
SS Kaon

Signal Decay

| / Other types of taggers have
\\‘ ) / been recently developed:
T T Tt R e SSp, SSKnnet
Opposite Side

0S Kaon e OScharm, OSKnnet

0S Muon

0S Vertex Charge
0S Electron

Giulia Tellarini
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http://cds.cern.ch/record/1458489?ln=en

Flavour Tagging

Tagging Algorithms

m The Flavour is determined by the charge of the particle used to tag (K,e,u,m)

m Each Tagging algorithm, depending on the charge of the selected tagging
particle, provides:
1) a tagging decision d; (with a given Tagging Efficiency €tag )
2) probability of mistag n;: used to re-weight the events and gain in Tagging
Power
m Combinations of taggers give a combined tagging decision df and a combined
U
= (0S, SSr) — for B* and BY mesons
= (OS, SSK) — for B mesons

Tagging Performances:

Niag

m Tagging Efficiency etag = Nomtag + Neag

m Mistag fraction w = % = nis w if the tagger is calibrated (details in backup)
ag

m Tagging Power atag'Dz = etag (1 — 2w)
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Measurement of Ams in B — D7 n+
New J. Phys. 15 (2013) 053021, LHCb-PAPER-2013-006

- - * data
R —
WB- D 1
W B> D.K*|
LHCb misid bkg.

[ comb bkg.

4000 @

m Simultaneous fit to the Bg invariant mass,
decay time and tagging decision in the 5 Ds
decay modes

m D; — &7, Ds - K*K, Ds — Knr (non-res),
Ds — KK, Ds — wnmw PDFior =

20001

candidates / (15 MeV/c?)

5400 5450 5500 5550
(D ") invariant mass [MeV/c?]

PDF(m) - PDF(t.q | ot,n)P(ct)P(n) ¢ [0 meoex g
m Signal yield of 34 000 evts Z 2000 =g§,:g§’,g.
m per-event Time Resolution = calibration on £ LHCb .Z},‘;:ﬂ‘;tg
data promptDs+m: Ss, = 1.37 E
= So,r < o> =44 fs
5400 o 5‘,‘5:(,)“1 mv‘SﬁSgO() . 5?50
m Decay Time Acceptance function = (B, 7 imvariant mass [MeV/ G
parametrization from simulated data § 5] DK ;(fi_z:m
m (OS, SSK) combination Z 2000 WE-Dr
g M B/SDK”
B £, D% (0S) = (2.6 + 0.4)% i LHCb - mmisid.bi.
B £ D? (SSK) = (1.2 £ 0.3)% 3 o comp. .

5400 5450 5500 5550

(D7) invariant mass [MeV/c’]


http://iopscience.iop.org/1367-2630/15/5/053021/
http://arxiv.org/pdf/1304.4741v1.pdf

Measurement of Ams in B — D7 n+
New J. Phys. 15 (2013) 053021, LHCb-PAPER-2013-006

'%: L e Tagged mixed
g . o Tagged unmixed
-E 400 —— Fit mixed
0 Y - Y LY 2 " o P
3 4 Fit unmixed In the mass range around the
e Mo y B? mass peak
g 200 5320 < mpgo < 5550 MeV:
[ s
r meas _ Nunmis(t) = Nmix(t)
I AT = e T R (1)
0
0 1 2 3 4

decay time [ps]

= Ams = 17.768 + 0.023¢%) 4 0.006(**") ps—!

m Systematic dominated by the knowledge of the decay time:
m length scale => 0.004 ps—!
= momentum scale = 0.004 ps—!
m World Average Am, = 17.761 & 0.022 ps—! by CDF and LHCb (from HFAG)
m LHCb most precise measurement to date
BY and BY mixing frequencies at LHCb
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http://iopscience.iop.org/1367-2630/15/5/053021/
http://arxiv.org/pdf/1304.4741v1.pdf
http://www.slac.stanford.edu/xorg/hfag/osc/PDG_2014/

Measurement of Amy in B — D~ nt
Phys. Lett. B 719 (2013) 318-325, LHCb-PAPER-2012-032

m PDF:o: = PDF(m) - PDF(t,q | n)P(n) (for signal and combinatorial)

m Signal yield 87 724 + 321 (D — K"n~ 7 ~) in 5200 < mgo < 5450 MeV
m Single Gaussian to model Time Resolution effects (o; = 0.05 ps)
m Decay Time Acceptance = parametrization from simulation
m (OS, SSt) taggers combination
tagger  cuog [%] gD [%] Amy = 0.5178 £ 0.0061(5%2t) 4 0.0037(*t) ps—1
0S 38.56 2.98 £ 0.16 | F back d deling in PDF
S 533 130 £ 011 (largest syst. from background modeling in +)
/>'\ 0 T 3 > T ‘b LA B R — T
LHCI 1 § [ LHC
@ 6000 4 © _
s +B°.Dm ] £ 04 +B-D
L5000 —-signal q E I — combined
< F b longbg 1 @& o2} 4
< 4000 @B’ - D p* 3 \ b
8 BBe° D 7§ ] of ]
B30 —combined § X i 1 ]
T ] L ]
2000 3 -0.2f ]
1000 3 04l 1
n E . . vy
5400 5600 5 10 15
m(K* 7 ) [MeV] B® decay timet [ps]
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http://www.sciencedirect.com/science/article/pii/S0370269313000440
http://arxiv.org/pdf/1210.6750v2.pdf

Measurement of Amy in B® — J/1K*0
Phys. Lett. B 719 (2013) 318-325, LHCb-PAPER-2012-032

m Very similar to previous analysis
m Signal yield 39 148 4+ 316 (J/v — p"u~, K*® = KT77) in [5230; 5330] MeV

tagger crag [%]  ctagD? [%) _ tat t) hs—1

e Amy = 0.5096 == 0.0114(t28) + 0.0022(t) ps

SSw 16.3 0.63 + 0.07 (largest syst. from background modeling PDF;)
2200 T T > T T T
3 E [ LHCb ]
wiggs_ ags 04 4B, JykK™ b
= E £ r — combined 1
Gk g oz ]
Fraoof 3 of S , :
5 1000E- o F [ ]
& 800F r ]
O e00f 0.2~ 7
400F r 1
200 N s 041 .
5240 5260 5280 5300 5320 5 10 15
m (Y ¢ K*7r) [MeV] B decay timet [ps]

Combined* results:  Amy = 0.5156 + 0.0051(stat) + 0.0033(s¥5t) ps—1

* weighted average including correlated systematic uncertainties
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http://www.sciencedirect.com/science/article/pii/S0370269313000440
http://arxiv.org/pdf/1210.6750v2.pdf

Measurement of Amy and Ams in Semi-Leptonic decays

Eur. Phys. J. C 73 (2013) 2655, LHCb-PAPER-2013-036

First observation of BY mixing using only Semi-Leptonic decays

Selected B(Os)

— D(;),Lﬁl/uX with D, — KK

Perform two closely related analysis ?or Amg and Amgs

Simultaneous fit to - decay time t' and tagging decision .

Candidates per 5 MeVc?

x10°

N
8
S

g

100

LHCb

= Neutral

— Double-charged

T T
D;

Candidates per 0.01in n
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T T T
== Neutral 3
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-100 0 100
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m OS tagger for B® — D™yt v,
m (OS, SSK) taggers combination for B — D; v,

1 1
06 0.8 1.0
Normalized Dy mass, 1 (no units)
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http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2655-8
http://arxiv.org/pdf/1308.1302v3.pdf

Measurement of Amy and Ams in Semi-Leptonic decays
Eur. Phys. J. C 73 (2013) 2655, LHCb-PAPER-2013-036

dm _ 4 k

t' = tmeas *

tmeas =
Pmeas

LHCb

B Pmeas loses the missing simulation

particle momentum

k-factor correction, pre. / Psm

L . . . E

= c_orrecte.:d by a . 02553 04 0.6 0.8 1.0

simulation-based function Normalized Dumass, 7 (no units)
that fits < 5’# > as a

sim
function of the normalized & 2000 200se] & 0o 520s] Ty oF T
mass n g 1500 e S20F & Measured docay lime,

+ Simulated decay time, ¢
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o = 140] 303551 ~ ) 4.55.0ps 0.8F
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. . . o o 0.0
in simulation - 0 5 10
2 0,_ I'Z[ps] al_’,z[ps] B decay time [ps]

0 mixing frequencies at LHCb

Giulia Tellarini



http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2655-8
http://arxiv.org/pdf/1308.1302v3.pdf

Measurement of Amy and Ams in Semi-Leptonic decays
Eur. Phys. J. C 73 (2013) 2655, LHCb-PAPER-2013-036

Ds X Yield: 201 210 events D~ ut X Yield: 50 681 events
| Ds signal region ] [ Dd signal region ]
> > 0 A B e mass
£ 2 03f. E
E € o2
< g 0.1
-0.0
-0.1
X -0.2
) sf. LHCb + I
e e g R e LSS
ey Bl AR
['% o 1 1 1 1 1 1 1 1 1 =
.‘:!.0 0'.5 II.D 1'.5 2'.0 2'.5 3'.0 3'.5 4'.0 4'.5 ; e 1 2 3 4 5 6 7 8 9 10
B decay time [ps] B decay time [ps]
Ams = 17.93 £ 0.22(stat) + 0.15(sst) ps—1 Amgy = 0.503 £ 0.011(stat) + 0.014(¥5t) ps—1
largest systematics [ps™!] largest systematics [ps—!]
m time resolution model: 0.09 m B1 bkg parametrization: 0.008
m k-factor model: 0.09 m time resolution model: 0.007
m k-factor (simulation input): 0.06 m k-factor model: 0.0055
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http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2655-8
http://arxiv.org/pdf/1308.1302v3.pdf

Amyg World Average

World Average (from HFAG): Amy = 0.510 + 0.003 ps—!

ALEPH D/ Qj¢ o 0.482 +0.044 +0.024 ps™
ALEPHJQ)S) | h——e——+f 0.404 £0.045 +0.027 ps
S 0.452 20039 20.044 ps”

m LHCb
B° — D~ 7" and
B — J/yK*®
combined
measurement is

0.471 T =0.034 ps”!
0.

Do D) S
paBAR DA X 0516 20016 £0.010 pu
the best Amy : | o] orivs s001s 20009 e
i Ly

H —
single o ALY Y
BABAR B i) b o
measurement BABAR DY NN e
LuCh Byl GSE roe
LHen B L
LHCD DWOST 5% bl 0.503 +0.011 0.013 ps™
 of 31 above o 0.510 +0.003 ps™
LEO+ARGUS - 0.498 +0.032 ps™"
Vo eesaEs M 0.510 20003 ps™*
o L Il Il Il Il Il Il
035 04 045 05 055 06 0.65
Heavy Flavour a1
Averaging Group Am, (ps™)

and B mixing frequencies at LHCb Giulia Tellarini


http://www.slac.stanford.edu/xorg/hfag/osc/PDG_2014/

Measurement of the B%-B® and B?-B? production asymmetries at LHCb

LHCb-PAPER-2014-042

m The Production Asymmetry Ap(B(OS)) in pp collision is an ingredient to perform
CP asymmetry measurements

m It depends on the type of collision (= pp) and on the energy (= 7 TeV)

m Only LHCb itself can provide this asymmetry = using flavour-specific decays:
m Ap(B%) in B® = J/¢pK*0 and B® — D~ 7T decays
m Ap(B?) in B = D; 7t decay

m Simultaneous fit to the invariant mass and decay time distributions
F(BY) ~ (L= f(Acp +Agr)) - e et [cosh( Y foAp cos(Amgyt)] (Acp=0, Ay free, = % 1)

Untagged time-dependent measurements:
1) performed as functions of pr and 7

2) integrated in ranges: 4<p7<30 Gev/c and 2.5<n<4.5
= ingredient required by CP asymmetry measurements

INPUTS = Amy=0.51040.004 ps~1 (Hrac) = Ams=17.76840.024 ps—1 (LHcy)
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https://cds.cern.ch/record/1712266/files/LHCb-PAPER-2014-042.pdf
http://www.slac.stanford.edu/xorg/hfag/osc/PDG_2014/
http://arxiv.org/pdf/1304.4741v1.pdf

Measurement of the B%-B% and B?-B0 production asymmetries

LHCb-PAPER-2014-042

1) Ap(B®) functions of pr and = 2D bins

_ Lo . . o 0 . ‘ . .
P £ G008 LHCb 3 008 LHCb 7
=3 2 <0065 4 <ooet E
- 100% 0.04F E| 0.04F E|
" 0 & 002F ERYH + E
35 E 0+, ] 3 E
3 " E 002k —+- 4 -002F -+
25 0 S -004F EQy E
B ) 0.065 E e E
15 0.08F EyrS E

f o1 , , , 01E , . , .

0 10 20 30 10 20 > 30 25 3 35 4 4.0
p,(B) [GeVic] pT(B‘) [GeV/c] M (B")

= no striking dependences on the values of pr and 7

2) Ap(B?S)) integrated in ranges: 4<p7r<30 Gev/c and 2.5<n<4.5
N;
i e Api

€i

for the integrated Ap(B(Os)) efficiency correction are applied Ap = ——

O
i€
€i

= AP(BO) = —0.35+ 0_76(“31‘) 4L 0.28(Sy5t) %

= Ap(B?) =1.09 + 2.616%) £ 0.61(1) %
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https://cds.cern.ch/record/1712266/files/LHCb-PAPER-2014-042.pdf

Summary

m LHCb features

m clean signals with relevant statistics
m excellent decay time resolution — fast oscillation well solved
m flavour tagging well-suited

m Best measurements of B(Odys) mixing frequencies

m Amg = 0.5156 + 0.0051(%21) + 0.0033(¥st) ps—1
m Ams = 17.768 + 0.023(st21) 4 0.006(s5t) ps—1
o SL: Amgy = 0.503 & 0.011(stat) + 0.0137(yst) ps—1
o SL: Ams = 17.93 4 0.22(stat) 4 0.15(¥st) ps—1
= The CKM apex constraint dominated by theoretical limitation
m Used in TD analysis and to determine other parameters:
m Production Asymmetry:
Ap(B®) = —0.35 + 0.76(5%%) + 0.28() %,
Ap(B%) = 1.09 + 2.616%9 + 0.61() %
m Several on going TD analysis using Amy and Ams
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backup - Flavour Tagging Calibration

Tagging Calibration

mw=p0+pln-<n>)

m perfect calibration if: pp = (n) and
pr=1
m calibration done on charge and neutral
B flavour-specific decays
m for OS on BT — J/¢KT
m for SSm on B® — D~ 7t and
BY — J/pK*0
m for SSK on BY — Ds ™t b
m calibration validation on additional s
control channels L

0 [ 0 o
Predicted n

BT — J/iK' = OS calibration
PRD 87 (2013) 112010

07 T

Measured 0

2o

LHCb Preliminary

B? — D n" = SSKnnet calibration
LHCB-PAPER-2014-038
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112010
https://cds.cern.ch/record/1741557/?ln=it

backup - BY — D77t

- < data o o
D, % By « da < e * da
o B Dokek * da g Bl DoK'k © b
-B‘{—> Dt = WD = 2000 WD
O 5 2 ,—D;
BB DIK'| - Z 59 WB-DK | T W BSDK
LHCb fimisidbke.| 3 LHCb misid. bke.| % LHCb misid. bkg.
[ comb bkg. H M comb. bkg | S 1000 [ comb. bkg.
8 8
5350 5400 5450 5500 5;550 0 5350 5400 5450 5350 5400 5450 5500 5550
(D, ") invariant mass [MeV/c?] (D, ) invariant mas (D, ) invariant mass [MeV/%]

4 288 6 674

B ) D, »K ' 2 D, on'm T data

2 2 —fit B

2 soo - 2 1000 W B

3 LHCb o misia.bke| 3 LHCp WBE-DK

E I comb. bk | [ comb. bk |
g

0 5350 5400 5450 5500 5550 ‘ 5350 5400 5450 5500 5550
(D, ") invariant mass [MeV/c’] (D, ) invariant mass [MeV/c’]
SYSTEMATICS  uncertainty (ps—) note NEGLIGIBLE SOURCES: decay time
z-scale 0.004 acceptance, decay time resolution, variations of
Momentum scale 0.004 C . . P
Decay time bias 0.001 from simulation AT s, variations of the signal models, variation of
Total 0.006 the B — DFKT fraction.
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backup - B® — D~xt and B® — J/1K*® Systematic Uncertainties

Systematic Uncertainties:

Source B® = D n" B — J/YK™® note

Decay Time Acceptance 0.0004 0.0001

Decay Time Resolution 0.0002 0.0002

Fit Model 0.0037 0.0022 PDF; parametrization using sWeights
Total uncorrelated 0.0037 0.0022

z-scale 0.0005 0.0005

Total including correlated 0.0037 0.0023 used for the combination

BY and BY mixing frequencies at LHCb
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backup - Ams and Amy in Semi-Leptonic decays

To quantify the measured mass M(Dp) within its
possible range a Normalized Mass is defined:

M(Dp) — Mppg (D) — Mppe (1)
MppG(B) — MppG (D) — Mppg (1)

= accepted events if n € 0.24<n<1

= n> 0.56 to improve the resolution on Amg
measurement

Systematic Uncertainties:

S 40000 ¢ ©™e —— B’ background

] e LHCb
2 35000E- M Pomptn ang b — # sonol

2 0o - merstcnans s i
B E - oo rsas — sumoron

s

]

°

g

g

(8]

= 4 ! 3

=3 ot D A

3 ggm%ﬁ%*‘ww‘ﬁ% ++++ A
2

-200 -150 -100 -t

g_

0
K'K7*mass - D mass [MeV.?)

Source Amg Amy note

k-factor (Sim. Inputs) 0.06 0.0052

Detector Alignment 0.03 0.0008 z-scale, momentum scale, track position uncer.
Values of Al () - 0.0004

k-factor Model bias 0.09 0.0055 from simulation

time resolution model 0.09 - parametrized as a function of tsim
variations in resolution and acceptances 0.007

models and binning 0.05 0.001

B*" parametrization - 0.008 (fraction, lifetime, tagging)

Total 0.15 0.013
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backup - Asymmetry production

1) Ap(B?) in bins of pr and 7

~0.1 - - - ~ 015 - T
&= 50 = T T
=55 01F LHCb = oab LHCb
=3 <
45 0055 4 oost E
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