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LHCD

Outline

e Quarkonia

« B, physics

e b-hadrons

« Summary and outlook
See also related LHCD talks by

V. Belyaev, LHCDb results on associated production of heavy hadrons

G. Cavallero, LHCDb results on exotic spectroscopy

D. Craik, LHCDb results on heavy quark spectroscopy

R. Silva Coutinho, LHCb charm, bottom and top production in the forward
region

C. Voss LHCD results on baryonic B decays



Integrated Luminosity (1/fb)

LHCD

Introduction

LHCb Integrated Luminosity in pp collisions 2010-2016

= e 2016 (6.5 TeV): 0.83 /fb
2E 2015 (6.5 TeV): 0.32 /b
18— & 2012 (4.0 TeV): 2.08 ffb
Leb * 2011 (3.5TeV): 1.11 fib
- 2010 (3.5 TeV): 0.04 /b
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Date

Today results from Run 1

plus JAy from Run 2

Exploit excellent dimuon trigger
Capabilities plus unique hadron

triggering and PID

Dimuons per GeV/c?

Candidates per 19 keV/c?
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Figures by Pietro Faccioli
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Quarkonia motivation

Colour Singlet Model at NLO known to underestimate production
cross-section

« Better agreement with NNLO” calculations

NRQCD approach better agreement with data, but Long Distance Matrix
Elements (LDMESs) have to be determined from the data

« Cross-sections agree with data, but predicts large transverse polarization
whilst data shows small polarization
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(gluon emission)
to the observable state
Quantum’'numbers’'change'!’




L HCDb scorecard

Centre-of-mass energy [TeV]

Process

¢— Unique

1. Cross-section
To LHCDb

JIy cross-section

Jhy polarization

y(2S) cross-section

y(2S) polarization

. production
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_B_Q.html

&s J/y cross-section at 13 TeV

_

] LO Hardware Trigger : 1 MHz
Use new turbO tl‘lgger stream readout, high ET/PT signatures

(arxiv:1604.05596) 450 kHz 400 kHz 150 kHz
W e/y

Offline quality reconstructed candidates
directly from trigger ! Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Decrease event size, increase output rate
by an order of magnitUde - Buffer events to disk, perform online

detector calibration and alignment

Take candidates selected by muon trigger
lines with invariant mass consistent with J/hy

6 _

Full offline-like event selection, mixture
of inclusive and exclusive triggers

<> > >

12.5 kHz Rate to storage




&gk J/y production analysis @

oI

« Both prompt and J/y from b-hadron decay cross-sections

« Ratio of 13 and 8 TeV cross-section measurements (partially cancel out

experimental

 Estimate of b production cross-section at 13 TeV

d?o

dydpr

and theory uncertainties)

Fit to mass

distribution \

5binsfrom2-45iny
14 bins from 0-14 GeV/c in pt

NI/ —ptu=)

" Lot B(I[U — ptp

I

Luminosity

3.05 = 0.12 pbl

7

Efficiency from MC+ data driven
corrections for tracking, trigger PID
Assume zero polarization

) Ay iAPT
AN

5.961 == 0.033 %




Jhy fit details

To separate J/y from prompt and b
L decays:
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M.Cacciari et al. [JHEP 1210 (2012) 137

to theory
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Compar

Jhy

-S. Shao et al. [JHEP 1505 (2015) 103]

e

—¢— LHCb prompt J/ v, 2.0< y <4.5

533 NRQCD, 2.0< y <4.5
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R,;5(do/dy)

Jhy: Cross-section ratios

Quantity Systematic uncertainty
Luminosity 4.6% 30% cancelled
Trigger 1.5 % 50% cancelled
Muon ID 2.2%
Tracking 1% 50% cancelled
Signal shape 2% up to 80% cancelled for some bins
pr-y-spectrum, MC stat. ({; fits) 1-8%

LHCb
\s =13 TeV/\s = 8 TeV cross-section ratio

i " =1
I prompt

. —4— LHCb (7<pT<14 GeV/c)
- —e— NRQCD (7<pT<l4 GeV/e)

2 3 4

LHCb

R,,(do/dy)

\s =13 TeV/1s =8 TeV cross-section ratio




D Cross-section ratios frrom
semi-leptonic decays

LHCD

Jhy Data/theory ratios agree well at high y, low y less well

Trend that theory underestimates increase in cross section seen in data
also seen seen in b cross-section measurement using semi-leptonic decays

e L e
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3f_+ +Data _f
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O‘ | ! ) ] )

R,; (do(pp— H X)/dn)

More detalils in talk of
R. Silva Coutinho
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ek B. physics
C ,

Ground state is unique meson N e Esr i
containing two heavy quarks decaying i DI e

S 7200 T g TS0 T4 Z
weakly s | T o T o

= 6800 Gﬁ_ﬂﬂﬂ
Ideal testing ground for QCD models Z ool o B, Mass Spectrum

L
6000

1 3 3 3 3 3 3 3
S, 'S, P, P, °P, °D, D, 'D,’F, F, °F,

LHCDb has had big impact in this area

« Mass from average of LHCb measurements is 6274.67 &= 1.2 MeV/c?
« Lifetime 511.4 = 9.3 fs
* 9 new decay modes !

Today present two recent analyses

Measurement of BR(B.* = J/yK*)/BR(B.* =»J/yn*), arxiv:1607.06823
Study of B, *=» K*K-z* and evidence for B.* = ¢, n* arxiv:1607.06134

. For B=» ppx* see talk of C. Haen
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B, = J/lyK*

Mode first observed by LHCDb using 1 fb! of data (JHEP 09 (2103) 75)

(.
f“‘]m'ﬂﬂ

CKM suppressed b =» cus transition
New update to full Run 1 dataset (3 fb!)

Normalize to B_*=» J/yn*

—4— Data =

— Total fit 3

— - J/wr" signal —

----- J/wK* misID

« Comb. bkg.
Part. rec. bkg.

. ;_ LHCb —— Data _;
— Total fit ]
2012 — - J/WK" signal
=== J/yrmisID

30 - Comb. bkg.

Events / (10 MeV/c?)
S
TT LI I LI LI
|
Events / (10 MeV/c?)

6000 6200 6400 6600 6400 6600
MJ/yK") [MeV/c?] MU/ yr*) [MeV/c?]
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+ +
B.m = JyK
« Simultaneous fit to signal and normalization channels

* InRun1 3207 +/- 64 total of B,*=» J/yn* candidates

7TeV  8TeV

. . Signal model 0.5%  0.8%
Main SyStematIC -frOm Combinatorial background 1.1%  0.5%
treatment of partlally Partially reconstructed background 3.3%  3.2%
reconstructed baCkg rounds Misidentification background 0.2%  0.0%
Particle identification efficiency 0.2%  0.1%

Detector material 0.3% 0.3%

Total 3.5%  3.4%

stat syst

Agrees with previous LHCDb results and range of theory predictions
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be - WT = ug (¢ =d,s)

For normalization use
Bt - D (= K*K)r*

And measure

_o(BY)
Y= B

x B(B! — f)

B.* ¥ KKt

Events/(0.004 GeV/c?)

e
H'\
L . |:
1
—
—_—

52 53 54
m(K*K ) [GeV/e?]
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Candidates/(0.020 GeV/c?)

N A
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m(K+K ) [GeV/cz]
Annihilation region

PRRRPRE N e o ae. Npagpegar oy 3
6.1 6.2

Explore interesting areas of
phase space separately, starting with
annihilation region

be - WT = ug (g =d,s)
m(K~7T) < 1.834 GeV/c?

To enhance sensitivity analysis is
done in 3 bins of output of BDT trained to
discriminate signal

N — 920. 8-|—114

2.4 o significance
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Purity

Candidates/(0.020 GeV/c?)

...Illlv

Charmonium region

Candidates/(0.017 GeV/c?)
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B.* ¥ KKt

;r_‘ El ..' [ :\l [ T T 'E ﬂ"_1 El [
R TR LHCb{ & 30
> SIS Opor > 012 > 25F
O 20F 3 3 4 O 20F
B g2 1 = E
AR A
o 10F L4 l0f
S 5E % 2 i 1 & 5E
S S RN ST TS S E
ET I TR = O o 0 st
0 10 20 ) 30 0 10 20 ) 30 5
m*(K*K) [GeV?/c*] m¥(K*K) [GeV?/c*]
Systematics B
9\ D¢ + +
Source Rankkr Byeor s(BF) < B(BS = Xeom™)
Normalisation yield 1.3 1.3
Event distribution 1.6 -
Fit model 24 2.3
BDT shape 5.0 2.9
PID 1.0 1.0
Simulation 08 08 A 15(17) x 108 (Expected to be at
Detector acceptance 0.4 0.3 < X o } }
B lifetime 20 20 an, K Kw 10°-10° level)
Hardware trigger 1.5 14 B
Fiducial cut 01 01 Rpo, = U%ng x B(Bf — B%nt) < 4.5(5.4) x 1073
Branching fractions 3.6 6.2 °
Total 7.5 7.8
Rpog = agg+> x B(B} — D°K*) < 1.3(1.6) x 1076
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b-baryons

Until LHC startup very poorly explored

J=1/2 b Baryons 3b
Weakly decaying A,, E,", Q, observed Ep b asirm=e S,
. shb 2 b
+ strong decaying charged X, 25
| b
Excited A, states seen by LHCb
PRL. 109:172003 (2012)
0b

Excited Z, states also seen by LHCDb
(JHEP 05 (2016) 161), PRL 114
(2015), 062004. Neutral state seen by
CMS.

Measurements of properties probe QCD

« Mass measurements probe the quark model

* Lifetime measurements test of HQET prediction 7o~ = 7=~ > T=0 = Ty



Candidates/(2 MeV/c?)

Candidates/ (2 MeV/c?)
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150F
. LHCb y(2S)
dimuon
100 decay
S0
G 5l6 T —— 565
m(¢(28)[—= ptplpK™) [ GeV/e?]
" LHCb v(2S)
[ Jynn
or decay

Ay 2 y(25)pK

el
(=
=1
=

2000

Candidates/(1 MeV/c?)
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| LHCb

I
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Jhy
dimuon
decay

56 5,65

m(JfppK ™) [ GeV/e?]

|

100

Candidates/(2 MeV/c?)

| LHCb

+ Jynn
Non-
resonant

T S 1 PR | I
.6 5.65
m(JpprtapK=)  [GeV/c?

First observation
of these modes
using Run 1 dataset

Channel N ."i‘:

Af = JjopK 2R R £ 204
Al = @ 28)|— pt | pK 665 £+ 28
Ap—= $(25)|= Jigxtn—|pK 23117
Ay = Jjwxta pk 793 + 36



Ay =2 JlynnpK

@ total unc.
H@- stat. unc.
™ LHCb 2016 AY—yppK’
: - - ~e—< LHCb 2015 Bf—ymt
Combination of y(2S) modes gives o4 LHCb 2013 v
B(AY — ¥ (2S)pK ™) - —e—H LHCb 2013 Bl —ym
W(2S) _ b _ 2
R BN JbpK) (20.70 £0.76 £ 0.46 £ 0.37) x 10 LHCD 2015 Bty
.. ) B{—>ym  LHCb2013 .
Excluding intermediate resonances LHCb 2012 we B —1po
DO 2009 .
CDF2006 H =
wine _ By = JAp T pKT) .
RITT = Bb(Ag—> ook~ (2086 0.06£134) x 10 2 I —
LHCb 2012 HoH B'—yK™
: CDF 1998 ~ H——m—H
Also determine
LHCb 2012 +—eo—+ Bf—yn’
B(tl)(ZS)—> H+M_) , LHCb 2012 o B*—yK*
= (2.30 £ 0.20 £ 0.12 £ 0.01) x 10 DO 2009 -
B(W(2S) = JApmrrm) ( ) % CDF 1998 b
| | I | [ | [ | I |

Most precise direct determination of thisratio o2 04 0.6

0.8 1
BR(b—(28)X)/BR(b—J/pX)
22
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Low Q-value of these decays allows
for precision measurement of A, mass

Complement with measurement
using normalization mode
(large dataset but higher statistics)

This gives:

LHCb combination

M(AY) = 5619.65 & 0.16 & 0.14 MeV/c?

Ay =2 JynnpK-

—@— total unc.
—@— stat. unc.

A—TWA, 2010 -

LHCb

A —TYA, 2011

A,— I/ WA average

N

5619.44£0.40

A, —A! D,

A= Y2S)PK, Y(2S)sp

A,—Y(2S)pK,
y(2S)— Jyrn'n

Ay pK,

Y(2S)-vetoed

Average (only this analysis)
5619.6510.24

New LHCb average (excl. A,—A; D))
5619.65+0.21

................................................

5618 5619

5620
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(2, mass and lifetime

63 +/- 9 Q, = Q.7 candidates observed in Run 1 data

)

' LHCDb

LHCb — Full fit
/R — Q- Qi

W

o
w
o
(=]

I Q.- Q%
i 1 Q2 comb.
i Q. QK
i - Q.- Q;OTC_
Q, comb.

—
5800 6000 6200 0 6400 5600 5800 6000 6200
M(Q°r) [MeV/c?] M(z%) [MeV/c?]

N
o
N
o
o

I

Candidates / (20 MeV/c?)
Candidates / (10 MeV/c?

100~

—
o
Y
b4

Make relative measurement of lifetime/mass difference using the mode
=, =» Z. 7 as normalization

24



LHCb

(2, mass and lifetime

Systematic uncertainties on acceptance cancel in ratio between signal
and normalization

Consistent with previous
LHCb/CDF measurements
Inconsistent with DO result

Consistent with previous measurements
More data will allow precision probe of
HQET

25
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Summary + Outlook

« Comprehensive set of results related to quarkonia production
 Detailed studies of B_,* meson and b-baryons

A lot more to come exploiting Run 1 and large Run 2 dataset being collected
Now:

« Complete quarkonia program
 Further studies of b-baryon properties

* More B." decay modes
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Jhy selection

LO: trigger on muon with high pt
HLT1: two muon candidates with high invariant mass and momenta

HLT?2: Turbo stream. Mass 300 MeV window around J/y candidate from HLT1

Muon identification and track quality requirements

29
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ATLAS -

(Ay=TIpA)

CDF

(A, =IpA)

LHCb

(Ay=IpA, A —IpK, A —=p(28)pK)

Average 5619.65 = 0.21

5618 5618.5 56

19 5619.5 5620 56205 5621 5621.5
A, mass [MeV/c?]



