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LHCb at the LHC

LARGE HADRON COLLIDER
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LHCb at the LHC

FORWARD ACCEPTANCE

Forward acceptance 2 < n < 5.

Takes advantage of the
predominant forward production of
heavy flavored hadrons.

LHCb MC
Vs=7TeV

Pseudorapidity range unique
among the LHC detectors.

6, [rad] Complementary to the GPDs. i
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LHCb at the LHC

LHCDb detector
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LHCb at the LHC

LHCb beyond design

Exceeding design specifications to maximize physics reach

Design 2012
Instantaneous luminosity, Linst (cm=2s~1) 2 x 10%2 4 x 10%2
Mean visible p-p interactions/crossing, u 0.4 1.6
HLT output rate to tape (kHz) 2 5

—_

Probability

Operation

1032 ‘ ‘] 33A . 5
Luminosity [cm™s’]
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High rate heavy flavor production into
LHCb acceptance:

O';;g =58.8+0.2mb
[JINST 7 (2012) P0O1010]
Oppace = 75-3 % 14.1 b
[PLB 694 209-216]
= 30kHz of bb production.
Oosace = 1419+ 134 b

[Nucl.Phys.B 871, 1-20]
= 600 kHz of cc¢ production.
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http://dx.doi.org/10.1088/1748-0221/7/01/P01010
http://dx.doi.org/10.1016/j.physletb.2010.10.010
http://dx.doi.org/10.1016/j.nuclphysb.2013.02.010

LHCb at the LHC

TRIGGER STRUCTURE

40 MHz bunch crossing rate

v L I

rL0 Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

v L I

( Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive

\___selection algorithms )

< L I

5 kHZ Rate to storage

2 kHz
Inclusive/
Exclusive

Charm

2 kHz
Inclusive

1 kHz
Muon and
DiMuon

Topological

Architecture and performance
documented in JINST 8 (2013) P04022.

Input includes 15 MHz of non-empty bunch
crossings.

LO hardware trigger includes three main
collections of channels

@ Hadron calorimeter triggers,
@ Muon detector triggers,
@ Electromagnetic calorimeter triggers.

HLT software trigger divided into two
sequential stages
@ HLT1: high-pr displaced tracks,
e 70kHz retention.
@ HLT2: full event reconstruction %
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http://dx.doi.org/10.1088/1748-0221/8/04/P04022

LHCb at the LHC

LHCDb data collection 2010-2013

LHCb Integrated Luminosity at p-Pb 4 TeV in 2013
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Data collection with pp collisions: Data collection with pPb collisions:

2010 38pb~" /s = 7 TeV, 20131.9nb~"' /Syw = 5TeV.
2011 1.1fb~" /s=7TeV,

20122.0fb~" /s = 8TeV.

(s

P. SPRADLIN (GLASGOW) RECENT RESULTS FROM LHCb FLASY 2014.06.19 7124



LHCb at the LHC

LHCb physics program I

LHCDb is designed for high precision searches for indirect evidence of
New Physics beyond the Standard Model in
e Heavy meson mixing, e.g.,
e ¢ in BY mixing,
o Ar in D°-D° mixing.
e CP violation, e.g.,

e 7v(¢3) in B decays,
e Direct CP violation in B and D decays.

e Rare transitions of of b (and c¢) hadrons, e.g.,
o Branching fractions of rare decays like Bs) — p*p~,
o Agg and angular analysis of B° — K*0;+;,~ and related modes.

In these tasks, LHCb is performing admirably.

%

P. SPRADLIN (GLASGOW) RECENT RESULTS FROM LHCb FLASY 2014.06.19 81/24



LHCb at the LHC

LHCb physics program II

However, it is also an ideal laboratory for a much broader physics
program, including

e Spectroscopy and the discovery of new states,

e Precision mass and lifetime measurements,

e Production measurements and precision tests of QCD,

e Precision branching fraction and decay amplitude measurements,
including newly observed decay modes,

e Studies of proton—ion collisions at forward rapidities.
Almost 200 papers submitted to journals
e This talk includes just a small selection of recent results

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

Z(4430)"
Z(4430)" IN B — ¢/nm~ K+

PRL 112 222002 (2014)

%)

)

=
<

Four-dimensional amplitude analysis of
B o/ (up)m K
m?(K*+n=), m?(y'n ™),
¢’ helicity angle cos 6,
and decay plane angle ¢.
25176 + 174 B° — ' (u*pu~)r~ K+ decays

5]
S

Candidates/ ( 0.2 Ge
3
(@]

@ An order of magnitude more than
previous analyses.

0.02 GeV?

Z(4430)~ established at 13.90 with properties
o m(Z)=4475+ 712 MeV,
e I(Z)=172£13%3, MeV,

05 1 15 : 22;5 o fz=(5.9+0.953)%,

2
M [G&V e JP =1+, with other assignments ruleqgicly
out at > 9o.
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http://dx.doi.org/10.1103/PhysRevLett.112.222002

Z(4430)"

Z(4430)" IN B — ¢/nm~ K+

PRL 112 222002 (2014)

Model-independent analysis:

@ Method of BaBar, PRD 79 112001 (200

@ Legendre moments of K* helicity
angle distribution in slices of m(K*7~)

@ Reflect J < 2 moments into the

K* reflections unable describe the data.

N

<é:0.2

m(+'7~) distribution.
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Replace Breit-Wigner amplitude model for
Z(4430)~ with six independent complex
amplitudes in bins of m(¢’7~) in the peak region,
@ Tests phase variation with mass,
@ Argand diagram shows rapid variation of
phase at peak of magnitude,

Consistent with resonance. )
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http://dx.doi.org/10.1103/PhysRevLett.112.222002
http://dx.doi.org/10.1103/PhysRevD.79.112001

Acp IND° — h™ h" DECAYS

Acp IN D° — h~h* DECAYS
LHCb-PAPER-2014-013, ACCEPTED BY JHEP

Samples of D°— K=K+ and D° — 7~ 7" LHCh

. — % 140 —e-Data
produced in B— D%~ 7, X 2 ot
= 100 I Signal
e Charge of muon tags initial flavor of D°. 3 1 Wcombbe
g 60
Observed asymmetries a combination of CP & *)
asymmetry and confounding detection and S ; T
production asymmetries. .. M(K K*) [MeV/e’]
A — AQD +AD(/~57) —l—Ap(B) ~2 milion D° — K~ K* decays
raw

Full 3tb~" Run 1 sample

...that cancel in the difference
AAcp = Acp(K~KT) — Acp(m ") = A (KT KT) — Ay (™7 ™)
Further, Ag(K~K™*) can be extracted directly
e B— D°(K—n+)u~7,X decays to cancel Ap(u~) + Ap(B),

e Samples of promptly produced D* — K~z x+ and DT — K°x+ to
measure the K~ 7+ detection asymmetry in the D° — K~z + sample

Acp(K~K*) = Auw(K—KT) = Aaw(K—7%) + Ap(K— ) ey
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http://arxiv.org/abs/arXiv:1405.2797

Acp IND° — h™ h" DECAYS

Acp IN D° — h~h* DECAYS
LHCb-PAPER-2014-013, ACCEPTED BY JHEP

Acp has contributions from direct and indirect
CP violation.

Indirect contribution dependent on mean D°
decay time of sample.
Acp ~ &l — Artl

@ similar for K=K+ and 7~ n+ samples

Candidates / ( 1.45 MeV/c?)

x10°
T

T
LHCb

-e-Data

0
1800 1850 1900

— Total

--=- Signal
I Comb. bkg.
WK

M(mrt) [MeV/c?]

~ 0.8 million D° — 7=~ =T decays

Full 3fo—" Run 1 sample

The most precise measurements of time-integrated CP asymmetries in
D° — h—ht decays from a single experiment to date:

AAgp = (+0.14 +0.16 £ 0.08) %
Agr(K~K*) = (—0.06 £ 0.15 £ 0.10) %
Age(n~nt) = (=0.20 £ 0.19 +0.10) %
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http://arxiv.org/abs/arXiv:1405.2797

CP VIOLATION IN B~ — KTK~7n= AND BT — ntrn 7

Eis

INCLUSIVE CPV IN B* —» K*K—n* AND B* — ntr n+
PRL 112011801 (2014)

First evidence of inclusive CP asymmetry in these modes:

Acp(KTK~ %) = —0.141 4 0.040(stat) + 0.018(syst) & 0.007 (A (J/iy KF)) (3.20)
Acp(n T~ n™) = 0.117 & 0.021(stat) & 0.009(syst) = 0.007 Acp(J/3p K*) (4.90)

(First evidence of GP asymmetry in 3-body charmless B decays in an earlier analysis of BT - KTK— Ki, PRL 111 (2013) 101801)

& T T T T T T T T T &~ 500 ;
S — model 1 &  modd
e 40004 B - KK 7]
combinatorial N c%mbl natorial
B - 4-body B2 - 4-body
o ] 300 B - 4-body
Be* - ki | o . KKK
&8* - K*m ]

1

L |
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My [GOVIY
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o | |
52 53 54 55
My e [GEVIC

4904 + 148 BT — 7t 7~ =%, 1o~ LHCb data
Observed asymmetry a combination of CP asymmetry and confounding detection and production

asymmetries

Candidates/ (0.01 Gi
N
8

N

0 ) L
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M- [GEVIEY

52 53 54 55
M [GEVIE?]

1870 + 133 B —» KTK— =%, 1t~ LHCb data

Anw = Acp + AD(ﬂ'i) + AP(Bi)

@ Ap(w*) previously measured
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@ Ap(B¥) from B* — Jp K+
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http://dx.doi.org/10.1103/PhysRevLett.112.011801
http://dx.doi.org/10.1103/PhysRevLett.111.101801

CP VIOLATION IN B~ — K"K~ n® AND BT — nfn ™

LOCAL CPV IN B* - KtK—n* AND B* — ntr—n*
PRL 112011801 (2014)
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BE — rtn—xE: large asymmetry in B* - Kt*K—=¥: large asymmetry in
2 27 4 2 24
M = high > 15 GeV</c* and me .~ <1.5Geve/ct.
m?, _ <0.4GevZ/ct
T~ low

Regions of large asymmetry not clearly associated to resonances.

ASE(K+K—mt) = —0.648 + 0.040(stat) + 0.013(syst) + 0.007 (Agp(J/t K*))
Agh(m*mmt) = 0.584 = 0.082(stat) % 0.027(syst)  0.007 (Ace(/ K*) et

P. SPRADLIN (GLASGOW) RECENT RESULTS FROM LHCb FLASY 2014.06.19 15724


http://dx.doi.org/10.1103/PhysRevLett.112.011801

¢s WORLD AVERAGE

s AVERAGE WITH LHCb 1 fb~" results

LHCb 1.0fb™" + CDF 9.6fb '+ D@ 8fb™" +ATLAS 4.9~
U IR L (S UL B B SN o

o 025FT T 3
| F DO HFAG il
A E . ]
= 020F -

" r 68% CL contours
~ r 3 (Alog £ =1.15) ]
<] 015 i LHCb -

0.10F Combined 3
0.05F 3
oL L |.>.-.-| L Lol 1]
-1.5 1.0 0.5 0.0 0.5 1.0 15
$£° [rad]

Heavy Flavor Averaging Group

The CP-violating phase, ¢s, characterizing the interference between B2
mixing and decay in b— ccs transitions.

@ Sensitive to NP in mixing diagrams and penguin decay diagrams.

Vis Vi,
@ SM: ¢SM = —2arg Vcii\/:, = —0.0363 79991 rad (Charles et at, PRD 84 033005 (2011 '

World average with LHCb 1 o' ¢s = 0.00 £ 0.07 rad
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http://www.slac.stanford.edu/xorg/hfag/osc/PDG_2014/
http://dx.doi.org/10.1103/PhysRevD.84.033005

¢sINB)— Jp o™

¢s IN B2 — Jrpnta~

LHCb-PAPER-2014-019, SUBMITTED TO PLB

New measurement of ¢g in
BY — Jipntr~ decays

27100 + 200 BY — Jiy w7~ candidates
with 79.6% purity in the full Run 1 3fo~".

(Update to ¢ in BY— Jiy KT K~ with

el E I .
2300 0 anem ey 3o is in preparation.)

Time-dependent flavor-tagged amplitude fit that determines the CP
content of the final state
e Independent variables: J/iyn" 7~ mass, nT7~ mass, three angles

in the helicity basis, and decay time.
e Resonant components as in LHCb, LHCB-PAPER-2014-012

e Same-side and opposite-side flavor tagging
o Decay time acceptance measured in B® — J/ji K*0. il
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http://arxiv.org/abs/1405.4140
http://cdsweb.cern.ch/record/1698234

¢sINBg — Jfpmtm—

¢s IN B2 — Jrpnta~

LHCb-PAPER-2014-019, SUBMITTED TO PLB

~ F 3w 3 w o F
é 3500 E 2 = S ok
S s 3 g 3 g (’m?
E 1000 - E © E © e
S 00 E- 3 200 —; 2«‘0;‘"
E - E E E 5
MY R JLWH‘“\HJ‘ L. M ; ! [ = = P S ;) 0
05 i 15 2 > -1 05 0 05 s - 05 0 05 1
m(rtr) [GeV] cos 0, cos 0y,
EmE (d)‘ ‘ LHCb
S 2000F- E
% 1800 W . . . . .
£ o e 3 Allowing for direct CP violation that is common for
£ ook 2 all amplitudes:
5 S00E =
O 600 =
400 =
e P ¢s = 70 £+ 68 + 8 mrad
=
——— | = 0.89 = 0.05 + 0.01
2 0
x

Consistent with Standard Model prediction:

oM = —36.3112 mrad [Charles et al., PRD 84 033005 (2011)]
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http://arxiv.org/abs/1405.4140
http://dx.doi.org/10.1103/PhysRevD.84.033005

By — pwp~

BY — ytp~ INLHC RUN 1

Candidates / (44 MeV/c?)

16F

i I

R
5000

5500

My [MeV/c?]
LHCb: 4.00 significance in 3fb~! [PRL 111, 101805 (2013)]
B(B— ) = (2.9j};g> % 1079

S/(S+B) Weighted Events / ( 0.04 GeV)
@
g

of
4,

RN,
.9 5 51 52 53 54 55 56 57 58 59

Evidence for B — u*u~ in LHCb and CMS

CMS-L=5fb"ys=7TeV,L=20fb" {s=8TeV

semileptonic bkg
-.-.- peaking bkg

my, (GeV)

CMS: 4.3 significance in 25fb~" [PRL 111, 101804 (2013)]

B(BY— ptp™)
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http://dx.doi.org/10.1103/PhysRevLett.111.101805
http://dx.doi.org/10.1103/PhysRevLett.111.101804

By — pwp~

BY — ;t 1~ COMBINED RESULT
CMS-PAS-BPH-13-007, LHCb-CONF-2013-012

-
Do10:4f0 CDF 10fb ™" lsm
CDF 106 ' [~
ATLAS 4916 s LHCb 31 [~
LHCb 3" = e 1
CMS 25fb [— _—
BsM >
cMs 25t - e
CMS+LHCb |
CI I::Tn:r:hl\t o) (. preliminary
P Y L L L L L L I L L L L L
246810[214]6187022 1 2 3 4 5 3
B(BY— ) [107] B(B'— ) [107]

Naive combination of LHCb and CMS Run | measurements:
BB — utp~)=(2940.7) x 107°
BB — utp~) = (3.6J_r11'.3) x 10~10
Consistent with SM predictions [Bobeth et al. PRL 112, 101801 (2014)]
BM(BY— ptpu~) = (3.65+0.23) x 107°
Preliminary conclusions (thorough treatment in progress):

e BY— utu~ observed at > 50 significance! '
e No statistically significant evidence for B® — ity %
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https://cds.cern.ch/record/1564324
http://dx.doi.org/10.1103/PhysRevLett.112.101801

ANALYSIS OF B%—

B— K*utu~

KOt p~

dB/dq? [107 x c* GeV?]

Theory EEEBinned
—-LHCb

=
n

LHCDb

M!-+I.

JHEP 08 (2013) 131, 1fb— 14

1 20

5
q2 [GeVZ/c4]

LHCb

0.6
0.4 + —+— Data
0.2~

o = - = - — = =

SM Predictions

PRL 111 (2013) 191801, 1fb
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q1 [GeVZ/c"]

Differential branching fraction, dB/dq2, and
angular analysis [JHEP 08 (2013) 131]

@ Four observables after angular folding

o Agg: dimuon F-B asymmetry,

o Fy: fractional K*0 polarization,

e S3: asymmetry related to the
virtual photon polarization,

o Ag: a CP asymmetry.

Form-factor independent angular analysis
[PRL 111 (2013) 191801]

@ Observables with canceling
form-factor uncertainties,
@ 3.70 discrepancy in Pg.

Isospin asymmetry with BT — K*+putu~
[LHCB-PAPER-2014-006]
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http://dx.doi.org/10.1007/JHEP08(2013)131
http://dx.doi.org/10.1103/PhysRevLett.111.191801
http://dx.doi.org/10.1007/JHEP08(2013)131
http://dx.doi.org/10.1103/PhysRevLett.111.191801
http://arxiv.org/abs/1403.8044

B— K*utu~

ANGULAR ANALYSIS OF B— Kyt~
LHCb-PAPER-2014-007, SUBMITTED TO JHEP

~ 500 T T T ~—~ &) T T T
2 (@ 11<<6.0 Gev¥ct LHCh 2 (c) 1L1<2<6.0 Gev¥ct LHCh
3 400 3
= =
S 200 S
g 200 Q
g g
] k]
100
8 8
0’5200 5400 5600 05200 5400 5600
m(K ") [Mev/c] m(KE ) [Mev/c
4746 + 81 BY — K*ptp ™ in3fb~! 176 £17 8% — KQputp~ in3fb !

Angular analysis of B — K*u*u~ and B — K% u~ in bins of g? to measure
o Arg: forward-backward asymmetry (BT — KT u*u~ only)
e Approximately 0 in SM

@ Fy: fractional contribution of (pseudo)scalar and tensor amplitudes to
the decay width

o Smallin SM )
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http://cdsweb.cern.ch/record/1692474

B— K*utu~

ANGULAR ANALYSIS OF B— Kyt~
LHCb-PAPER-2014-007, SUBMITTED TO JHEP

0.2 T T T Tz 05¢ T T T T

< LHCb £ s LHCb

°': Lo & :

s il oo pgRoov
! ﬁZﬁf L - ) 1 Al LI

0.3

0 5 10 15 20 0 5 10 15 20
2 [Gev?cd] ?[GeVv3cd
W s ' ' LHeb ] Consistent with SM predictions
N i ] in every g2 bin.
=1 Tl — ] Constrains contributions from
& od ] (pseudo)scalar and tensor
T s amplitudes.
o : S ]
@ oL T . L , Figures show SM predictions from
0 5 10 15 20

62 [Gev¥ci] Bobeth et al., JHEP 01 (2012) 107s EE g
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http://cdsweb.cern.ch/record/1692474
http://dx.doi.org/10.1007/JHEP01(2012)107

SUMMARY

SUMMARY

Exploitation of the full LHC Run 1 data set of 3fb~" at LHCb is
underway and yielding some of the most precise measurements in the
b and c sector.

e Only a fraction of our results were presented today,

e Many more measurements in progress.

No deviations from the SM yet observed.

LHC Run 2 projected to add 8fb ™", allowing LHCb to find or rule-out
large sources of flavour symmetry breaking at the TeV scale.

An upgraded LHCb detector to operate during LHC Runs 3 and 4 is
approved and in development,

o Upto50fb~"

e Essential to match SM theory errors in many key measurements.

s
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