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THE LHCB COLLABORATION

e

m ~900 physicists from 64 universities/laboratories in 16 countries.
m Running since 2010, Link to > 160 papers.
= O(100k) bb pairs produced/sec.
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Rare B decays
CP violation in the B? system
Charm physics

Spectroscopy

QCD and electroweak

= e


http://lhcbproject.web.cern.ch/lhcbproject/CDS/cgi-bin/lhcb_papers.php

THE LHCB DETE
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m Covers 4% of solid angle, but
accepts 40% of heavy quark
production cross section.




A TypPicAL LHCB EVENT 560 S S FRAEE

(nPVs) ~ 2.0 o(pp — bbX) ~ 80ub
(nTracks) ~ 200 o(ce) ~ 1500pb
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LUMINOSITY LEVELLING

LHCb Integrated Luminosity pp collisions 2010-2012
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m LHCb designed to run at lower luminosity than ATLAS/CMS.
B LHCbD tracking/PID is sensitive to pile-up.

m LHC pp beams are displaced to reduce instantaneous luminosity - stable running
conditions.

m (L)2011 ~ 2.7 x 1032cm 2571
m (L)2012 ~ 4.0 x 1032cm 2571



SEARCHING FOR NEW PHYSICS

m INDIRECT: Higher energy particles can J "
appear virtually in quantum loops

m Flavour physics gives constraints on scale of new B n'i
physics, > TeV. p

m Lsm + ﬁ(@ZQJ)(QzQJ) s
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Isidori et al, arXiv:1002.0900



RARE DECAYS: B — utpu~
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m Requires FCNC transition.

m Helicity suppressed by factor (m,/mp)?.
m B(BY — pup) = (3.35£0.28) x 10~°
m B(B° — pup) = (1.07 £0.10) x 1010
m Sensitive to new physics. i.e., MSSM B o (tan 3)6.




FIRST EVIDENCE FOR BO _> /J/+I[1r7! MORE DETAILS IN TALK BY A. OYANGUREN

B(BY — pp) x 1079 B(BY = pp) x 1079
+1.140.3 q »+2.440.6
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m Normalise to large sample of B(BT — JAK™) or B(B® — K*r~).

m Systematic comes from modelling of the background in the fit.



OTHER RARE DECAYS: K — putu~ AND

X0
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m FCNC, large GIM suppression due to af ® DO — ptp LHCb

absence of high-mass d-type quark and
helicity suppression.

m BSM(DO 5 ptp—) <~ 6 x 1071
m BD? - ptu~) <6.2x1072 @90% CL.

m Xx20 better than previous limit!
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FCNC b — s TRANSITIONS:

m Rich system of observables (rates,
angles, asymmetries) that are
sensitive to NP.
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B® - K™yt~ FORM FACTOR INDEPENDENT VARIABLES AT

m New basis of observables, less
dependent on hadronic form factors
(Descotes-Genon et al arXiv:1303.5794).

/ _ _Sj—45.6.8

P 4568= VFL(-FL)

m Across 24 bins, global discrepancy wrt
SM is 2.80.

Descotes et al arxiv:1307.5683
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o
Possible explanation: smaller value
of Cy Wilson coefficient through a Z’?
(Gauld et al arXiv:1308.1959,
Buras, Girrbach arXiv:1309.2466)

'SM Predictions

PRL 111, 191801 (2013) -
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b — S7Y FCNC PHOTON POLARISATION (LHCB-CONF-2013-009)

- 0
2 '
m v from b decays is left-handed, but NP could .y =
; : i See———P1
modify this. ps &
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DIRECT CP VIOLATION IN B MESON DECAY

Candidates / (10 MeV/c ?)

m Arises from interfering amplitudes

with different weak and strong phases.

m B mode more precise than and Acp =
compatible with B-factories.
m BY mode: first observation!
[ 1B%kKn
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After correcting for production
and detection asymmetries

T)=10.27+£0.04 +0.01

More details in talk
by R. Koopman



LARGE DIRECT CP VIOLATION IN 3-BODY B DECAYS

Acp(BT - KF¥nT7~) = +0.032 & 0.008(stat) & 0.004(syst) + 0.007(JKT) 2.80
Acp(BE - KEKTK™) = —0.043 & 0.009(stat) + 0.003(syst) £ 0.007(Jp K*)  3.7¢

m First evidence of inclusive CP asymmetry in charmless 3-body decays, but. ..
m ...CP violation > 50% in localised regions of Dalitz space: not expected!

m Compound CP violation (Cheng et alPRD 71, 014030 (2005)) or hadron rescattering?
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MEASUREMENT OF v FROM B* — DVK®

mRsmmamAS
. Y i
m Use interference between LA ]
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BT 5 DOK* DO ¥ an2y rpetor

0%
decay amplitudes p—_, am /D K \

m Small theoretical

uncertainty on the tree o A g r 81’55 —y
level diagrams — no NP o ! B /
contributions .. ———— N ik EO K*

PLB 723 (2013) 44 }FTHbT OBS!

THCE © |

GLW: f is CP eigenstate
(DY - K*K—,ntzn—)
B Large rate, small interference. A b
H PLB 712 (2012) 203 [ 1

ADS: f is common final state
(D° — K*nF, KEnFata—)

B K T K

gt

B Lower rate, larger interference. 5200 5400 5600 800 5200 500 5600 ”\) -
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B Requires Dalitz analysis. ' : n“i‘:: 1 ! S
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MEASUREMENT OF v : LHCB COMBINATION

m BT — DOKZ results are combined to single confidence interval.

11 e

— C LI A B BN B I )
QI) [ LHCb-CONMF-2013-006 LHCb | © L LHCb ]
— 0.8 [ Preliminary B — 0.8 __ Preliminary a
0.6 1 o6 67 .
r ADS/GLW (1fb~1{2011) | 1
041 GGSZ (3fb™1, 20114201294 6g30; y=(67+£12)°
02f . 02F .
r C> 1 r 95.5% C) 1
0 A A T T o SR 1 L 0 | T L A I
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
v [°] N

m Single best measurement, agrees with B-factories.
» Improvements when using 3fb~! for ADS/GLW modes.

m Combination using BE — D% events is available, only using 2011 data (PLB 726
(2013) 151-163).



MESON MIXING

DB e .
—" b Ve A~ Vi
" I
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proton PV Signal B} proton Bs WN P ? + Bs
Opposite side - e - taqaer

Opposite BT

K

koar::) m[gge,d V;Ss th b

P(t|o¢) oc [Te 1 [cosh(AT t/2) + D cos(Amt)]] @ G(t; S, o)

’;ﬁ: o Tagged mixed
. . . = I o Tagged unmixed
m Time dependent CP violation S ool F,tgg_ g
. o~ = Fit mixe
measurements are core LHCb physics 3 + Lo
= - Fit unmixed
programme. ]
. . 2 00 ]
m Excellent decay time resolution: o ~ 45 fs. S |
m Best measurement of Amg using Nefv J. Phys. 15 (2013) 053021 ° o &9
BY — Dsw 0




Amgy USING B — D,

% [ LHCb
g 04 +pB_D
% r — combined 1
0.2 3
_0.2; w 7
oaf PLB 719 (2013) 318-325 E
; 5 10 s
B decay timet [ps]
2 [l | ‘ ]
E 04 3B JyK® B
1S r — combined 1
g oz ]
z Of“"& ) ]
e oF ‘ ]
L ﬂ ]
;
; 5 10 s
B decay timet [ps]
AmSM = 0.555 + 0.073ps !
Amgq = 0.515=£0.005 £ 0.003 ps

A ®) N(unmixed) — N(mixed) cos(Amgt)
() =
ml . .
* N(unmixed) + N(mixed) cosh(AT'gt/2)
T T T T T T T
ALEPH A 0.446 £ 0,026 £ 0019 ps -
(3 analyses) v
DELPHI ' S 0.519 £ 0,018 + 0011 ps*
(5 analyses) v
0.444 &+ 0,028 £ 0028 ps*
OPAL bt 0,479 £ 0,018 £ 0015 ps
(S analyses) L
0.495 £ 0,033 + 0027 ps*-
el g 0.506 £ 0,020 £ 0016 ps -
(1 analysisy v
BABAR " 0.506 £ 0,006 + 0.004 ps -
(4 analyses) H v
0.509 & 0,004 £ 0005 ps*
1HCh 0.515 £ 0,005 £ 0.003 ps -
(2 analyses) i L
Average of above H 0.510 + 0.004 ps'l
ljustments
CLEO+ARGUS —— 0.498 + 0,032 ps”
(5 Mmeasurement L
World average b 0.510 & 0,004 ps™
for PDG 2013
| | 1 1
04 045 05 055
“HFAG average :
7 without sdjustonents am, (ps™)




SEMILEPTONIC Am

» 1.8 x10% BY) — D ut v, (+

anything) events.

m Time resolution is ~ 1 ps, dominated by

correction to momentum from missing

Vy.

m First observation of B? mixing with

only semileptonic decays.
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m CP violation in mixing is very small in the SM.
‘2

CP VIOLATION IN B

MIXING

q

mag=1- p

arxiv:1308.1048, PLB

Lenz + Nierste, 2011

ad(B%) = (-4.1+£0.6) x 10~*
ad(BY) = (+1.94£0.3) x 10~°

m Experimentally, measure time-integrated asymmetry in semileptonic B? decays

(between DI Xp~ 7, and Dy Xptw,,)

sl

[[Ds pt]+T[DIp-] 2

Amcasurcd
CP

I[Dy 1] —TDF =] af [ -

sl

ad } J e~Tst cos(Amgt)e(t)dt
2

«70.02
C

a%) = [~0.06 % 0.50(stat) = 0.36(syst)]%

m Fast BY mixing dilutes second
term below precision of this
measurement.

m Dominant systematic is from
limited statistics in control
sample.

m 30 tension with SM in the
DO result, not confirmed or

-0.04

002 e

excluded by LHCb.

[ e~Tst cosh(AT's/2t)e(t)dt




CP VIOLATION IN B&) MESON MIXING /DECAY

Pmix = 2 arg(VtsV:b) Pdec = arg(vcsvib) ¢dec

@rr& BO / (bdec

_TB°>nH-1(B>
Ace(t) = L E0 R0

i
=~
X
Sl
=
&
S

w B oo

= Dny sin ¢y sin(Amt)

m Decay to CP-eigenstate f
- =0
Ar = (f|H|B?), Ar = (f|H|B")

GOLDEN MODES
m Use interference between 0 9.
mixing and decay to measure B® = JWKs ¢
Cviolating phase BY — J, —28s = —0.036 £ 0.002
¢f:¢mix*2¢dec s /"/)(17 ¢J/¢¢ ﬁs—— ° .

CKMfitter, PRD 83, 036004 (2011)

JHKY = =203 =0.84 £ 0.05rad

m Possible pollution from penguin
decays.



sin 28 UsING BY — J/ K?

Signal Asymmetry

m Can LHCDb reproduce B-factory results?
= ~ 8200 B° — Ji K candidates in 1fb~!
m Tagging power: etagD? = (2.38 £ 0.27)%

0.4
0.3
0.2
0.1

1tb™

LHCb
B%- JIwK

0o

-0.1]
-0.2
-0.3
-0.4

1l ...I....I..u\.I....I....I....

sm(2[3)

Sy g = 0.73£0.07£0.04
Clyyp g = 0.03£0.09£0.01

= s1n(2¢1) e

PRELIMINARY

aBar
PRD 79 AZOOQJ 1072009
BaBar x , K.:
PRD 80 \200@ 112001
BaBar J/y (hddronic) Kg
PRD 69 (2004):052001

Belle :
PRL 108 (2012) 171802

0169 40.03£0.01
i, 0.69+0.52£0.04£0.07
: 1,56+0.4240.21

0.67+0.02+0.01

: 0.84 95 +0.16

ALEPH : :
PLB 492,259 (2000) T |
T OPAL ; i ; 3.20 1% +0.50,
EPJ C5, 379 (1998) :
CDF : : 7904
PRD 61, 072005 (2000) " ore
LHCb ; | 0.7340.07 +0.04
PLB 721 (2013) 24-31 EHEWSAPE” po1zass ; 05740554 0.0
elles! H H .57 £0.58 + 0.1
PRL 108 (2012) 171801 *—
1 1 Average : H : 0.68+0.02
5 10 HFAG :
t [ps] -2 Bl 0 1 2 3
I'go —I'so
_ —BY—f B >f .
Acp(t) = T T = SJ/ng sin(Amt) + CJ/ng cos(Amt)
BO—t T 150




¢s FROM BY — J/

¢

Candidates/ (20 MeV)

LHCb
f5(1525)

~ 2% S-wave
under the ¢

m(K*K") (GeV)

m 4D, background
subtracted fit using
sWeights.

Ay m Final state is 300
A —mi
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CP _ L
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COMBINED MEASUREMENT OF ¢y

m Combine B? — Jip ¢ and BY — Jhpnta™ (1/3 of Jhp ¢ stats).

m AT is in impressive agreement with HQE calculations. ATl's # 0 =
= the heavy B eigenstate lives longer than the light one! (two lifetimes)
= B*P(BY — f) # B™e°(B? — f) (PRD 86, 014027 (2012))

m NP contribution to B? mixing is limited to < 30% at 30 (Lenz arXiv:1203.0238v2).

Os =0.01 + 0.07 (stat) £ 0.01 (syst) rad,
I's = (T +TH)/2 = 0.661 4+ 0.004 (stat) + 0.006 (syst) ps~—!,
ATs =Ty, —Tg = 0.106 & 0.011 (stat) & 0.007 (syst) ps~1,

02 LHCb 10fb + CDF 9.6fb™~ +D® 8fh™" +ATLAS 4.9
—— 025 B LS T =
JprtaT is > 97.7% CP-odd @ 95% CL. T r g™ H,:AG .
> sook ' ] PLE 713 (2012) 3 é 020 R E
2 800E- LHCb E - F 68% CL contours ]
700F = — r (Alog £ =1.15) A
0 E atté E o ° b
T 600;— Flatté fO 980) _; q 0.15 -
.g s500E S-wave domlnates_; . ]
E E 0.10 - —
LI>J 400 _E r b
300F 3 r ]
B i/ 1370),. . 3 - 3
200E- W\fo(1370), 3 0.05F :
R S anren 3 o ]
olesmer L i L 15 05 00 15
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BY? — DD, EFFECTIVE LIFETIME

”%BOO}LHCb — Rl
m Final state is CP-even, ¢s is small ;fmi - ;E: gz :fK‘n,
= Ter = 1/T'f § [ 3499 + 65 ggﬂggg'{
m Determine efficiency using 2 = Agi A
Bt — DOD;r control channel. 0200 I combinatorial
m Main systematic is acceptance.
0

5300 5400 5500
D; D, mass [MeV/c?]

22

r LHCb

[ LHCb simulation

s ++++

\+V\‘\

Efficiency corrected yield ratio

T T

B/ Bg relative efficiency

. 1.6 arxiv:1312.1217, PRL
L L L L L [
0 2 4 6 8 o 2 4 6 8
decay time (ps) decay time [ps]

o p.p, = 1379 £0.026 + 0.017 ps Iz = 0.725+0.014 £ 0.009 ps !




EFFECTIVE LIFETIMES

Channel CP 7f [ ps | Ref.
Bg — Dj’DS_ even 1.379£0.026 £0.017 arxiv:1312.1217, PRL
Bg — KtTK~ even 1.455+0.046 £0.006 PLB 716 (2012) 393-400
BS — J/b f0(980) odd 1.700 + 0.040 £ 0.026  PRL 109 (2012) 152002
BY — Jp K odd 1.75 £0.12 +£0.07  Nucl. Phys. B 873 (2013) 275-292
DLL = 1/2 contours DLL = 1/2 contours
T Csm I [
é JAy CDF, 9.6/fb é KK and DsDs LHCb (no CPV)
e [~ "] Iy Do, 8/tb [ kg Lhics (no cov)
@,2— // \ JIEA:LAS, 4.9/tb 2)-2 = m:w.
[ \ JIyHCMS, 5.0/ favour sp
‘\\ /J JALHCD, 1.0/fb
0.1F N 4 3@%% 0.1
of oF
. W Hulsbergen (Nikhef) ; — )
14 1.5 1.6 14 15 16
1T [ps] 1/T [ps]

m Perform naive combination of these lifetimes and results on AI's and I's from
BY — Jjip¢p and BY — Jhbnr.
m Everything in agreement with SM+HQE predictions.



Ay LIFETIME

6000 T T T
] S7F Y , 3
= HQE: TAI) =0.98 4+ O(l/mg) Z so00 - LHCb } | } arXiv:1307.2476
v F ] E
m Make use of a previously 5 4000 = } } E
% E E
unobserved decay mode: 53000 F15581 + 178 } | } E
Ay — JpK. Z 00 F- } | } E
m Can use method of © 10005 .
lisation to topologicall ]
normalisation to topologically T R

similar B0 — J/ip K*. 0 3500 3600 005800
mJppK') [MeV]

L L B AL | Experiment
LHCb (2013) [JypK]

16t .. LHCb
CMS (2012) [JyA]

T
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Ll

ATLAS (2012) [IyA]
DO (2012) [JyA]

Yield / (0.4 ps)

CDF (2011) [JyA]

T
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=

i

CDF (2010) [Alx] 10?

DO (2007) [JyA]

T

DO (2007) [Semileptonic decay]

10
DLPH (1999) [Semileptonic decay] L L L

ALEP (1998) [Semileptonic decay]

T
il

_,
=)
2

OPAL (1998) [Semileptonic decay]

CDF (1996) [Semileptonic decay]

N
el N )

T a1 %g = 0.976 & 0.012 & 0.006
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D() NIIXING AND OP VIOLATION MORE DETAILS IN TALKS BY T. LESIAK, L. SUN

PRL 111, 251801

m Mixing in charm sector dominated by long
distance effects = very small CPV expected.

m First > 50 observation of charm mixing made by
LHCb (PRL 110, 101802 (2013)).

m right-sign: D*t — D7+ — (K—7t)nt
(Cabibbo favoured - 54M events)

— CPVallowed

— Nodireci CPV
] D*t — DOxt — (Ktr—)nt b ’ E
(DCS, mixing+CF - 0.23M events) T oaf (ﬁ * E

; 1 % 1 I
R(t) = %‘:;éf)) ~ Rp +VRpy't + %(xa +y2)e2 w02l 11 t o
0 2 4 6 20

m No evidence for CP violation when studying D° and D° separately.

10 T T T T T T T T T T
LHCb  (a) CPV allowed (b) No direct CP‘V (c) No CPV
b 1 b 1 2?2=(55+£49)x107°
T 1 b 1 ¢ =(484+£1.0)x1073
= N T osomct 1 Ap= R%;R? = (~0.7+1.9%
of Desawcr 1 --pPesawcL I --955%CL oA Rp+Rp
\ —D“68.3%‘CL . ‘ —[‘)"68.3%‘;CL ‘ —63,3%0‘_ ‘ . ‘q/p‘ =1.00+0.25

L I L
-0.1 0 0.1 0.2 -0.1 0.2 -0.1 0 0.1 0.2

0 0.1
x?[107]



OTIC SPECTROSCOPY: QUANTUM NUMBERS OF X(3872)

3 C
m What is nature of this state = F 2P 2P
3950 —
(tetra-quark, or DD* molecule, or ...7) E Zaf2P)
1 F
m Must be C = + since X (3872) — J/pvy 3900
has been observed (Belle). ok X(3872) D)
. E Yi(1D)
m CDF previously ruled out all JZ¢ £ YA(1D) "
3800—
except 1T+ and 27 7. E o owrn)
s Bt — X(3872)K T, rsol
X (3872) — Jipmta—. 313 events FOpen charm threshold il
0 1 1+ [ 1 2++ 2+ 2-- 3= Je
£ 10'E T T T T T
PRL 110 (2013) 222001 o F
;< F ( )S T ) % s[ From 5D angular fit LHCb
%1200:— 200} VS GE) 10 ;—
3 F 1000 € F * Simulated J”°=2" 4+ Simulated J*°=1"
o - A
g8 800 3
s o F
S soof 5 F
H E 600 E o )
S 600 400 £ F £t ‘\.A
§ F 200 2 10° 'r 84(? data %
£ 400 o E R L
z f 3 ) 7
- A
200: L 107 - ; .
0 600 800 1000 1200 1400 L® 1 L i
M(x'diy) - M) [MeV] -200 -100 0 100 200

t=-2In[ LZ*)/L(1
m Jpc = 1171 established - favours exotic interpretation.



ELECTROWEAK AND QCD MEASUREMENTS

m LHCb allows exploration of EW sector in forward region.

o
o & 140 7 crogs sectic
) ~ [ crogs section
w T qyF R atchds betwee
) F | matchg¢s between
E"’ 100F } 55{— LHCb hnd GPDs
S 80 HCb-CONF-2013-005 ~~
] £ ——
o 60
. 40~ '« LHCb 2010, Z- up extrapolated a
- F LHCb 2011, Z— ee extrapolated o
- 20 . ATLAS 2010, Z pp, Z ee —
L L 1 1 L L L L N
S 0 05 1 15 2 25 3 35 4 45
x ¥@)

m Measurements of Z+jets are sensitive to the gluon content of the proton.
m Jets are reconstructed using the anti-kT algorithm with R = 0.5

S 0T T T T T ™3
. > — LHCb Data (stat.) E
ST i T AR i &) Data (tot.) E
E —————— _+_' = et POWHEG + PYTHIA: ]
095 - E 5 . - ‘:" :;:s;[\;m ooMs l:VﬂR. O(e)
E - ] -8 S 107 - MSTW08, O(c)
0.90F ) 3 5 o + CTEQI0, 03 1
E arXiv:1310.8197 1 — NNPDF 23, 0(c?) ]
F - 3 4
0.85F~ Jet efficiency 3 5 -
E ] 107 Good agreement with
0.80F E e 247 i
3 LHCb simulation O(a”)jealculations
075 E |
E* 2<n*<45 104 W -
0. E 1 1 1 1 1 1 q 1 Lol .l 1 1 1 ! 1 3
20 40 60 80 100 120 20 40 60 80 100 120 140

Py [GeV] P [GeV] 30 /33



SO MUCH MORE. . .

CP VIOLATION AND RARE DECAYS

CHARM PHYSICS

m B mixing

m Measurement of » DY mixing
m CP violation in penguin decays oG lelaion fn dlhvarie
m Charmless B decays

m Many rare decay modes (pp) PA_COLLISIONS

PRODUCTION AND SPECTROSCOC

ELECTROWEAK PHYSICS

m Fragmentation fractions

W and Z ducti
" an production m B decays and lifetimes

m Higgs forward production

m Excited states

m Quarkonia polarisation
LEPTON FLAVOUR/NUMBER VIOLATION s XY Z states

More details in talk by B. Rachwal

(Double) heavy baryons

Public results: http://lhcbproject.web.cern.ch/lhcbproject/CDS/cgi-bin/index.php


http://lhcbproject.web.cern.ch/lhcbproject/CDS/cgi-bin/index.php

LOOKING FORWARD: LHCB UPGRADE

LHC will be upgraded to run at higher luminosity from ~ 2018.
LHCb will run at £ > 1033e¢m =251,

60 |- / m Upgraded detector will be read out at
40MHz.
50 /

B Factor-10 increase signal yields.
B Existing design will saturate at
higher luminosities.

40 - o fLuminosity
s B— uu

s0f v B—>hadrons re

20

JLuminosity (fb™), Yield (arb.unit)

o
5
10 |- —
(%]
—
0 T L
CNMTDODON®OO - NMWT D ON ©
_________ S NN NSNS SN
SSO000O000OO0OO0O0O0O0909 9SO
SSERSNSRSNSNSSSSRgS
ear

Sensitivity of key measurements (LHCb-PUB-2013-015)

LHC era HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+
6.(B" = J/vd) 0.05 0.025 0.013 0.009 0.006
6:(BY — ¢9) 0.18 0.12 0.04 0.026 0.017
Brome ) 220% 110% 60% 40% 28%
a¢ Ars(K*utp™) 10% 5% 2.8% 1.9% 1.3%

v T° 4° 1.7° 1.1° 0.7° 32



SUMMARY

b I

m Flavour physics provides access to high
energy scales where new physics may B
exist.

m LHCDb provides a unique laboratory for the
precision study of heavy flavour

m CP violation in B decays. ) m k
m Rare decays of B mesons.
m Exotic spectroscopy.

m And more... "

g

m Most LHCb measurements are statistics limited.
m LHCb upgrade will move forward the precision frontier.
2015-2017 double existing dataset

2017-2019 LS2, upgrade detector
2019-... collect 50 fb~!, with more efficient trigger
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VERTEX LOCATOR 2008 JINST 3 S08005

IPy Resolution Vs 1/p_

100
\s=7Tev
—— 2011 Data

LHCb VELO Preliminary
0=132+ 24.7/pT um
|

I |
05 1 15 2

i
g
AL RN L T R

1/pzf[c/eev1
m 21 silicon strip detectors, 8mm from beam line.
m Operates in vacuum, separated from LHC vacuum by 300um Al foil.
m Primary vertex resolution ~ 13,13,69um in x,y, z.

m IP resolution of tracks with pr > 2 GeV/c? is ~ 20um.

Decay time resolution ~ 45 fs for many B decay channels.



PARTICLE 1D arkivi1211.6750

> 1.4r ] .
& LHclb ' oL ALL(K'.npo ] m Gas radiators (C4F1,CFy) +
o 12F 3
'S [ \s=7TeV Data o m ALLK-1)>5 ] aeroge]_
I OSSR 3
oRE e oy ] m Photomultiplier tubes to detect
0.8 T e .
{ K=K - ] Cerenkov light.
0.6, - 3 '
04}_ ] m Excellent for suppressing
“ e backgrounds.
n—K Dooo""wo —j
g dge @ Muon-ID: e(p — p) ~
40 60 80 100 ~ 1 —
Momentum (MeV/c) 97%’ E(TF - ,Lt) 3%
'i; 700~
LHCb 3 f LHCb
o 600:—
% 5005—
No PID § s with PID
300
200;
1005—/ .
__,ﬂ'\ E I rif:‘\\ Lo I I I I
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a*n invariant mass (GeV/c’) w*n invariant mass (GeV/c’)



TRACKING

m Silicon microstrip detectors closest to
/Upstream track |
1 beam pipe.
o T track
o m Straw tubes cover larger area.
" Longtrack . .
—m Aligned to ~ 14pum using large samples
of Jip — pu, D° — K.
Velo e i
Velo track - ] m Ap/p ~ 0.5%.
Downstream track ™ m Mass resolution ~ 8 MeV/ 2 for
oo T3 b — Jip X decays.
~ 5 ] @ 104
o 40000~ T station method N, =(495.321.2)x 10 Loaf. T station cfficiency o Data 2011
- E 2011 data . . MC
5 35000F 1
g E 4o
3 300005 098 e,
25000 - 096, .
20000 o~ 15MeV/e 0.04f
15000 092
E 0.9 )
10000~ ok Lag-and-probe Jhp
00 e F
E 0.861—
c 1 | 1 | 1 1

I I
3400 100 150 200
M., (MeV/c?) p (GeVic)

ST
%3
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THE TRIGGER

arXiv:1211.3055

m Approach: try to maintain high efficiency for manageable data rates.

40 MHz bunch crossing rate

1 MHZ

A

-
L0 Hardware Trigger :
readout, high Er/Pr signatures

o O O

( software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to
trigger time constraints

Mixture of exclusive and inclusive

selection algorithms

5 kHZ Rate to storage

2 kHz
Inclusive/
Exclusive

Charm

1 kHz
Muon and
DiMuon

2 kHz
Inclusive

Topological

> 1 T T g
%03 .‘:OF‘—L‘_T’__+— -
0038 ++ E
i 0. + k
0.6 :
0.5 3
0.4 . . 3
oaf DiMuon trigger
0.2
0.1 LHCb-PUB-2012-017
c il L
0 10 2

0 30
P, (GeV)

Lower efficiency for
multi-body final states



C P VIOLATION IN THE STANDARD MODEL

q' ={d,s,b}
m Coupling of charged current q={uct}
interaction to up, down-type
quarks given by CKM matrix: Vi
W
Vud Vus Vub 1- )\2/2 A A)\d ([7 - 1F])
Vekm = Vea Ves Vab | = -\ 1-— )\2/2 AN2 +O()\4)

Vida Vis Vib AN (1 —p—i) —AN? 1

3

tions + 1 phase — 7 # 0 is only source of C'P violation in
1.

m A =0.80+0.02, A =0.225 £ 0.001
m p=0.140 £ 0.027, 7 = 0.343 £ 0.015



BRIEF INTRODUCTION TO BY, MESON MIXING
s.d

P12 = arg M2 b Vo N s
NP
B, WNP? + B
0 0 7Y
IBi) = p|B >+Q|EO> 5T \E'/ Vo b
By) = plB) —qB)

Large mass of b quark allows for reliable calculations.
Mixing is FCNC process — sensitive to new physics contributions.

Need precision measurements.



s USING BY — D,

m 5 different Dg decay modes: Ds — (KTK~)n~,Ds — (K~ 7nt)r~,Ds = ntn 7~

0

New J. Phys.

15 (2013) 053021

Amix (t) =

N(unmixed) — N(mixed)

cos(Amt)

N(unmixed) + N(mixed)

* cosh(AT't/2)

m 2, 3, 4 track displaced vertex trigger. — 34k events
m 1 large IP track, pr > 1.7GeV/ec.

candidates / (15 MeV/c?)

candidates / (15 MeV/c?)

F — B <
40001 D;—¢n - g‘:‘a s | b)
| HB’- D, E r
L W B’ D,K* < 2000\
2000 LHCb misid bkg. 3 L
s [ comb bkg. é
g
g

DioKk*k~  ° data
—fit
W B)-D,n*
W B-D,K*
misid. bkg.
LHCb I comb. bkg.

5350 5400 5450 5500 5550 5350 5400 5450 5500 5550
(D} T*) invariant mass [MeV/c?] D, 7*) invariant mass [MeV/c?]
[ o DoK'K 7 data E K D»Kmn ° data
+ —fit ) —fit
2000 W B Z W B->D;
F W B)-D,K* < 5001 W B-D,K*
[ LHCb mimisiabkg| 3 | LHCD 1 misid. bkg.
1000~ [ comb. bkg. é r [ comb. bkg.
g
P g L
5550 5400 5450 5500 5550 5350 5400 5450 5500 5550

(Ds_ 7*) invariant mass [MeV/c?]

(Ds_ 7*) invariant mass [MeV/c?]



IMPACT ON NEW PHYSICS . artivi1203.0238v2 [hep-ph]

L ]
[ AL &7 ]
NPS S']VIS L i
| M A 1 SM point 1
[ Amy & Am, |

A L o s

B A, = |Aei? < b

g L
n AfM =1 . 1
-1~ —
m NP contribution to B? mixing i , s ]
e . N E &ay(B)&a (B) ]
is limited to < 30% at 30. r ]
2 New Physics in B_ - B;mixing
T
-2 -1 0 1 2 3
Re Ay

NEXT STEP

m Use full 201142012 LHCb dataset (factor 3 more data).

m Precision measurement.

B Control of systematic uncertainties is essential.
B Extend physics reach by including rarer modes: B? — 1(2S)¢, BO — J/wn(’) ...



$s FROM BY — ¢¢ i 6, B (G

m First measurement using b — s5s transition. ;fmf ,_‘ch E
= |

m Expect cancellation between (small) phase § 3
in the mixing and decay. % E

B Measuring ¢s # 0 would be null test of
SM.

¢s € [—2.46,—0.76] rad at 68% CL

Sougwusuwgwugwu T

5600
« [Mev/c]

Candidates/ (0.33 ps)
Candidates/ (0.26 rad)

0 5 10

Decay time [ps]
o gE T T T =
éeo, + © LHCbé é
St T ©
20 T =TT e

-1 -05 0 05 1




Lett. 110, 241802 (2013)

bs € [~2.46,—0.76] rad at 68% CL sin(2B") = sin(2¢;") Y

PRELIMINARY
boods__ World Averafe ' T _Toemiom
T BaBar : 0665047 £0.07

‘ 0.90°8%
0747515

% Belle
5 T =
(0575008 £0.02°

Average
" 'BaBar

. § 0644010004
0.07

LHCb

x Belle
Average
" BaBar
& Belle - ;0.30£0.32+0.08
.2 Average i 072£0.19.
o BaBar +0.55+0.20 +0.03
Belle \ 067031 £0.08
Average :
- BaBar
X Belle
=

S -

Result compatibl
with SM at 16%

=AIn likelihood
n

[

e b e be b
K

Average
-2 0 2 T, BaBar
r < Belle
¢, [rad] = heemage
&S BaBar

Hopefully help to resolve the sin28¢ff situa- iui Belle

Average
tion. " Average
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arXiv:1308.5916

b o
m First observation of BO — Jhp KtK—. Bﬂ{ ] w 3 o
m Amplitude analysis — 3.90 evidence for
B — J/pap(980),a0(980) — KT K.
m No evidence of B® — J/p ¢. ® Ay
= NR contribution dominates. Eﬂ{ ’ w7y
d “ﬁ; z} o

; r ,>\ F T T 3
2 ¢t 2 wf LHCb E
200 o ]
=Tk g Background sybtracted
8 150 P N
g F 3 E
g 100 g 5 f ]
8 F g 0% [P » E
F 8 L 3
507 OF—t T +_ T T |#|+":
50 : ; okl ) ) ]
100 5200 5300 5400 5500 1 1.5 2
m(Jy KK [MeV] m(K'K’) [GeV]

’ B(B® = J/pao(980),a0(980) — KTK ™) = (4.70 £3.31 £0.72) x 107




CONSEQUENCE OF Al'y #£ 0

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

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

mode.
1 [ 1+ 2ysAs +y2 }
Teff = — | ——m————————
BRSXP(BE L) = BRtheo(Bg - f) {Lyg[:f] © Ts | (1 —y2)(1+ysAg)
s s 1—y2

115
£
=

110
N
< 105 2
o= =
= 7 >
SO0 A =10 :
= ;o5 g
Sogsf]r A= a
T — A =00
éo.go AL =405
& . Al =+10

085/ = LHCb 10 CL

LHCb 3¢ CL 3 .
020 —015 —010 —005 000 005 010 015 020 time

s




B! - K"K~ EFFECTIVE LIFETIME PLB 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 B° T

Vi

eigenstate.
B Assuming no CP-violation:
RO kK = 1/T'L

of 180T g Gl
3 600 LHCb @ A R e LHCb (b) 4
S 140f E < E
@ 120F E :;ijr E g o Background sybtracted
8 100 e« E B wf E
g 80; [ Partially reconstructed é '% F q
N Comb. back. E S r 1
% 60: E 8 1 T
© wf 3 E
20§ _TIS trigders § | ]
0 52 54 56 58 F 10 2 4 6 8 10 12
My [GeVIE] Decay time [ps]
T8M e = 1.40 £ 0.02 ps! Tk K = 1.455 £ 0.046 % 0.006 ps

-/ aq

1
(FDIC71 41E29)



PRL 109 (2012) 152002

= T T T
2
m J/ip fo(980) final state is CP-odd E (@) LHCb
eigenstate = decay is produced by :, door ]
u
heavy B? mass eigenstate. §
m Assuming no CP-violation: 2 Lol ]
— &
TBs—KK — TH-
m Main systematic related to acceptance M
from MC. QI e e e e T
800 1000 1200
m(n'n) (MeV)
g 13 T T T ER ' j ! ]
z [ LHCb simulation 2z LHCb ]
E i g 0.06 ]
g = ]
2 E 0.04f -
g - ]
% -
2 } . 0.02f ]
< Lifetime measured [ 1
refative to B® — Jhp K* & , , . ]
3y 2 4 6 8 2 4 6
1(ps) 1 (ps)

’ Tap fo = 1.700 = 0.040 £ 0.026 ps Ty = (0.588 £ 0.014 £ 0.009 ps~!)?

8/33



) EFFECTIVE LIFETIME . mye. 573 ot 275292

m J/p K¢ final state is another CP-odd eigenstate.

m Split sample of events depending on Kg reconstruction (LL, DD).

m Determine decay time acceptance using large sample of B — Jhp KS
m Main systematic comes from background parameterisation.

m Future: use to control penguin pollution in sin 23 from B — J/ K3.

ol Thes 1 2 Theo'
S [ —+ data o~ —+ data
%’103 3 -Bgﬂ K3 S - B3~ JYK?
o F JIqJKO 5 10 —- background
i To 3 =Y A W — beckgroundj w — total
B 15
w® 5
S 10 gl g
§ 1 A i 1 AN
§ 111 uuu.u xi.l r.lvv . !‘ unx A, = [l !
P e
| - \ r n L n n | n n n n | n n n n
5200 5300 5400 5 10 15
K [MEV/CZJ B decay time [ps]
SSM . _ .
J/’/ P KO = 1.639 £+ 0.022 ps TJ/ng =1.75+0.12 £ 0.07 ps




RESONANT STRUC

RE IN Bt — Ktputu~

LOW RECOIL

m > 60, resonant+interference accounts for 20% - bigger than

predicted.

m Compatible with the properties of the ¢(4160) observed by BES.

m Important for controlling charmonium effects in future inclusive
and exclusive b — su™p~ measurements.

Candidates / (25 MeV/c?)

150,
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¢ data
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background

T arkiv

1
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1
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1
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2
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FLAVOUR TAGGING

b
/S}BS Same side
b —

- kaon tagger
S\ o+
Q u } K T/

a T/

0]
Same side
PV y
proton Signal BY _ proton
L N —— <

Opposite side Opposite B Vertex charge tagger

™. from inclusive vertexing

K~
Opposite side
kaon tagger

lepton taggers
from b-quark (. ,€7 )

SPECIALISED TAGGING ALGORITHMS to analyse event to determine
initial flavour b or b.

OpPPOSITE-SIDE Use charge of leptons/hadrons from other B meson
decay

SAME-SIDE Use charge of kaon produced from fragmentation of signal
B



FLAVOUR TAGGING

Opposite-side

w = po +pi(n—(n)
Effective tagging efficiency
2.6 £ 0.4%

Same-side kaon

Effective tagging efficiency
1.2 +£0.3%

3 0.6

0.5; BT — J/1/JK+

0.4F ]

0.3F ]

0.2F LHCb 4
r Preliminary

0.1~ \5=7TevData
07 cdlv v b b by gy
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LHCDb preliminary

(s=7TeV,11b"

0.2 0.3

0.4
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hi(t) = Nipe Tt [ag cosh (%Afst) + by, sinh (%AFSt)
+ ¢ cos(Amgt) + d sin(Amst)]

k Fr(Ous Ok Pn) Ny ak by Ck d

1 2cos? O sin 0, |Ao|? 1 D o} -

2 | sin? 0k (1 —sin? 6, cos® pp) |42 1 D c -5

3 | sin?0x (1 — sin? 0, sin? «ph) |AL)? 1 -D C S

4 sin? Ok sin? 8, sin 2y, |[AjALl | Csin(6L — &) | Scos(6L —9)) sin(6L —4)) Dcos(6. —4))
5 % 2sin 20 sin 20, cos [AoA | cos(d) — do) Dcos(§) — o) | Ccos(d) —do) | —Scos(d) — o)
6 | —3v2sin20ksin20,singy, | |[AoAL| | Csin(6L —d0) | Scos(5L —do) sin(d1 — do) D cos(6L — o)
7 Zsin20, |Ag|? 1 - c S

8 % 6sin O ¢ sin 26, cos ¢y, [AsAy| | Ccos(d) —ds) Ssin(d) — ds) cos(d) — ds) Dsin(3) — ds)
9 7% 6sinfg sin20, sinp, | [AsAL| | sin(6yL —ds) | —Dsin(6L —és) | Csin(d, —dg) | Ssin(6L — ds)
10 % 3cosOx sin? O, |AgAo| | Ccos(do — ds) S'sin(do — ds) cos(do — &s) Dsin(do — bs)
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m In SM, non-resonant BR(B?S)
(2004) 114028]

m Resonant BR(B? — Jjip¢) = 2.3 x 107°

» Normalise to BR(BY — J/iy K*(892)), main systematic uncertainty.
m BR(B? — 4p) < 1.6 x 1078 @ 95% CL

m BR(B® — 4) < 6.6 x 10~° @ 95% CL

— ptp=y(—= ptp)) <1070 [PRD70



SIGNAL SELECTION PRL 110 (2013) 021801
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m Single and di-muon trigger.
m Classify signal using 2D discriminant:
m(pp)
BDT containing: B impact parameter, pr; i pr, X%P‘ ..
m Train using MC (B? — pu and bb — pupX).
m Calibrate BDT on data:
m Background: m(up) sidebands
m Signal: B — hh’ which has same topology o



CALIBRATING THE SIGNAL MODELS PRL 110 (2013) 021801
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m Signal shape is Crystal Ball:

m Mean determined from B — hh'.

m Resolution from interpolation between charmonium/bottomium
resonances (o, = 25.0 & 0.4 MeV/c?).

m Radiative tail transition point from BY — uu MC.



SIMULTANEOUS FIT TO ALL BINS PRL 110 (2013) 021801
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» Combine 2011 (1.0fb™") + 2012 (1.1fb~") data.
m Float yield of background, B, BY in fit.
m Observe excess of events over bkg-only hypothesis (p-value = 5 x 107%).



DECAY TIME RESOLUTION arXivi1304.2600

+
7
m Use prescaled sample of e J/
prompt-J/i) events to extract
resolution scale factor. Kt ¢
K-
2 10k j =z E j E
o) ! LHCb 0 7000 LHCb 3
g r g oo E
B wg B s000F- 4
S E S 4000F 3
5 “F 8 suof
a o .
10" H% le 1000F- e 45 fs 3
10°? 0 2 r 6 8 93 o1 0 o1 0.2
Decay time [ps] Decay time [ps]

m Use o0y, per-event decay time error, scaled by S = 1.45 + 0.06.
m If <Saeff> ~45fs =D ~ 0.73
m If <SO’eff> ~90fs =D ~ 0.28



DECAY TIME EFFICIENCY arkivi308.2600
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m Use sample of unbiased events to understand trigger efficiency.

m Additional efficiency effect at large decay times: €(t) < 1 + St,

B~

1072 ps 1.

m Understand this using data: BT — Jap K.



ANGULAR EFFICIENCY RETREE—
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m Detector geometry and implicit momentum cuts cause majority of
effect.
m Knowledge of acceptance is dominant source of systematic error.

TAGGING THE BY FLAVOUR

Tagger | eefy
0OS 2.29 4+ 0.06%
SSK 0.89 £ 0.17%
Overall | 3.13 +0.20%
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¢s FROM B? — Jhab¢ AND BY — Jhpmtm™
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¢S FROM B? — J/QZ/’7T+777 PLB 713 (2012) 378-386, PRD 87,112010 (2013)

m BY — Jipntn~ is another b — &cs transition; ~ 1/3 of BY — J/p ¢ yield.
m 77~ is > 97.7% CP-odd @ 95% Conf. Level.
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RESOLVING THE AMBIGUITY PRD 87, 112010 (2013)

m Expressions are invariant under the Two-fold ambiguity
transformation (¢s, Al's, 80, 0),01,05) — g og LHCb. F best it .
(777¢577AF37750776H:7T76J_:755) <:: o {/;\\\ :ggaﬁgt ]

m Physical solution: AT's > 0 h! R~ " ggﬁdg:imdel 1

m Al's # 0 implies P

= the heavy B eigenstate lives longer than 01-0.37fb~1 ( ) B
the light one! (two lifetimes) ol PRL 108 (2012) 1018557 1
= B*P(BY — f) # Btheo(BY — f)
PRD 86, 014027 (2012) ° : ¢j [rad]
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PENGUIN POLLUTIONS T

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

m Possible to use BY — JApK*0(892) (b — écd) via U-spin symmetry.
B Angular and time dependent analysis.
B Direct C P asymmetries.

exchange

/- [\
- singlet / [
colour singlet “ ‘ “ J/I/)

0.37fb~!

s
colour singlet [
exchange ,“ \ “ J/ w
SNV
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RESULT AND SYSTEMATICS R

os =0.07 +0.09 (stat) = 0.01 (syst) rad
I's = (L +TH)/2 = 0.663 & 0.005 (stat) £ 0.006 (syst) ps~!
ATs =Ty, —Tg = 0.100 £ 0.016 (stat) & 0.003 (syst) ps~!

Source I Al |A, |2 [Ap|? 5 5, bs By
ps™'] | [ps '] [rad] | [rad] | [rad]

Stat. uncertainty 0.0048 | 0.016 | 0.0086 | 0.0061 | TS-33 | 0.22 | 0.091 | 0.031

Background subtraction 0.0041 0.002 - 0.0031 0.03 0.02 0.003 0.003

B — J/p K*O background - 0.001 | 0.0030 | 0.0001 | 0.01 | 0.02 | 0.004 | 0.005

Ang. acc. reweighting 0.0007 - 0.0052 | 0.0091 | 0.07 | 0.05 | 0.003 | 0.020

Ang. acc. statistical 0.0002 - 0.0020 | 0.0010 | 0.03 | 0.04 | 0.007 | 0.006

Lower decay time acc. model 0.0023 0.002 - - - — — _
Upper decay time acc. model 0.0040 — - - — — — _

Length and mom. scales 0.0002 — - — — - - —
Fit bias — - 0.0010 - - - - -
Decay time resolution offset — — — — — 0.04 0.006 —
Quadratic sum of syst. 0.0063 | 0.003 | 0.0064 | 0.0097 0.08 0.08 | 0.011 | 0.022
Total uncertainties 0.0079 | o0.016 | 0.0107 | 0.0114 | T%15 | 023 | 0.002 | 0.038

m Dominant systematics come from angular acceptance, decay time
efficiency and background.



1\/IBD =

(MH + 1\4L) = My, I'=

N

Am = NIH — ML ~ 2|1\412|, Al = FL — FH ~ 2|F12‘ COS Y12

SM predictions (Lenz et al, 1102.4274, 1008.1593)
BO B
12 [rad ] —0.075 £ 0.024 0.004 &+ 0.001
AT [ps™!] (2.7+£0.5)-1073 0.087 £ 0.021
Am [ps—!] 0.555 & 0.073 17.3 £ 2.6
ag —(414£0.6)-107% (1.9+£0.3)-10~°
<% [rad | 0.84 4 0.05 —0.036 £ 0.002

m Flavour specific final states, assuming no CP violation in decay:

I'ho 7 —T'so AT
ags = BOof BUof o la/p|? & —— tangia  (Guennadi’s talk)
FBO—E + FEO Am

—f




STUDIES OF EXCITED BY MESONS PR 110, 151603 (2019)

1000

800
600
400
200

Candidates / (1 MeV/c2)

Pull
o

0 20 40 60 80 100 120 140 160 180 200
m(B'K) - m(B") - m(K) [MeV/c?]
m First observation of Bgy(5840)0 — B*F K~

m Help understand heavy quark effective theory, used for calculating
B meson properties. o



SEMILEPTONIC ASYMMETRIES LHCb-CONF-2012-022

m 190k BY signal candidates in magnetic up and down.
m Background asymmetries from K, 7™ — p mis-id. Small systematic.
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