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e Outline

* (Quarkonia

* B, physics
e b-hadrons

* Summary and outlook

See also related LHCb talks by

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

G. Cavallero, LHCb results on exotic spectroscopy

D. Craik, LHCb 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
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Integrated Luminosity (1/fb)

LHCb Integrated Luminosity in pp collisions 2010-2016

= e 2016 (6.5 TeV): 0.83 /fb 2012 po
2 .
& 2015 (6.5 TeV): 0.32 /fb /
181 e 2012 (4.0 TeV): 2.08 /fb /
16 e 2011 (3.5TeV): 1.11 /fb
o 2010 (3.5 TeV): 0.04 /fb
14 =
12F
= e 2011
i . /
0.8 : /
o / A f
0.4 / ==
02 ) 016
0Ll —mes- =g . r ipoue:
Mar May Jul Sep Nov

Date

Today results from Run 1
plus J/y from Run 2

Exploit excellent dimuon trigger
Capabilities plus unique hadron
triggering and PID

Introduction

Dimuons per GeV/c?

Candidates per 19 keV/c?

[
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| LHCb Preliminary " o O
2011+12+15 data z40F Y
Single muon % 30F
Charmonium Y(@S) Z‘ 20F Yas) 3
Bottomonium g 10 Y(3S)
B Other triggers g

9 95 10 105 I
Dimuon mass [GeV/c™]

plw ¢

z

10°
10
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1
0.2 1 2 345 10 20 100 200
Dimuon mass [GeV/cz]
x10° |
- LHCb Preliminary
6 [ 2011+12 data
T D’ 5 Knt
5 :_ Signal: 630 million
4
3
2F
1
0

1850 1900
K7 mass [MeV/c?]

LHCb-CONF-2016-005



&%  Quarkonia motivation

Figures by Pietro Faccioli

D

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

colour-singlet state red red
K colour-octet state \5
-*.4---\9

; zJ\Mnon -pert. transition

N ¢ (gluon emission)
. to the observable state
Quantum numbers change !




e LHCDb scorecard

Centre-of-mass energy [TeV]

Process 376

Unique
= o LHCb

M. Cross-section

J/y cross-section

Jhy polarization

y(2S) cross-section

y(2S) polarization

. production

Y production

Y'(nS) cross-section

Y'(nS) polarization

—_—
(O8]

http://Ihcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary B Q.html

[¢;]
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6iSy  J/w cross-section at 13 TeV

_

. LO Hardware Trigger : 1 MHz
Use new turbo tI'lggCI' stream readout, high Ex/Pr signatures

(arxiv:1604.05596) 450 kHz 400 kHz 150 kHz

H/pp 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 .[ Full offline-like event selection, mixturej
of inclusive and exclusive triggers

lines with invariant mass consistent with J/y _ne i e

0
- THEP 11 2015) 103

12.5 kHz Rate to storage
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Sy J/y production analysis

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

* Ratio of 13 and 8 TeV cross-section measurements (partially cancel out
experimental and theory uncertainties)

* Estimate of b production cross-section at 13 TeV

Fit to mass 5bins from2-4.51iny
distribution \ 14 bins from 0-14 GeV/c in pt
d’c N/ —ptu™)

dydpr L €1 - B(J/1) — ptp=) - Ay ¥ Apr

Pl <

Luminosity Efficiency from MC+ data driven 5061 £ 0.033 %
3.05+0.12 pb! corrections for tracking, trigger PID

; Assume zero polarization
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Jhy fit details

To separate J/Ap from prompt and b
w decays:

Q

v

X
|

RS
o 7]
S 12 LHCb o
> B R T Data LHCb
Q - \s =13 TeV, L, =3.05pb . 10 .
int e Total fit =13 TeV.L.  =3.05 bl
= 0k 3<y<35 < \s=15 1€V, Ly =2.05p
10— . — — ]/ \y-from-b 3<y<35
Vo) - 2< P, < 3 GeV/c o4 10* 2R Prompt J/y
- O = 2<p_<3GeV/c
Q - % » [ Wrong PV T
8 253 Q Background
@ N S < 103
L r B k= ,
5 6 i 3 g 7 fi b
2 2
= b S5 = 7 D rom
T r i g1 7 7
- K 7 A ,
g 41— SR V. I 2
7 Y2
Q /\/Q§§5§;§§§5\ 7 7 v
. AAAAARANK - //, YIIIIISY P
I PP RRAAY 1 0 : v 7 7
Yo/ /S S S S S S S S S S S S S S s 7/ I IPs 7
LSS S S S S /S
2"7‘/////////////////// /S o7
LSS S S Yy e £ I
I, Y 5
S S
AP L I 1
Lo 0000000
AP AS Y G AP 1IN

2950 / 3000 3050 3100 3150 3200 -
mﬂw. [MeV/c?] prompt

s  Combinatorial background
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THER J/y cross-sections

— T ] = - — T " | -
= LHCb 1 e LHCH .
% 10° ===E \s=13TeV, L, =3.05pb” % | T —————s— \s=13TeV, L, =3.05pb" i
<} = 1 QO 10°EE = =
s ==£_ prompt 1 5 | =, z
£ =, 1 £ 0 ——— ]
= 10 —== {1 = [ fromb —— 1y
Y s 1 & 10F T e E
-g\ —— 2.0< y <25 ————A— - —g\ E — 2.0< y <25 — ::_—-—_‘__‘_E
- —4— 25<y<3.0 :C')__:'_o—A— 1 © - —4—25<y<30 _O__Q__’_I—-—:
< 10 ——30<y<35 - il RS [ ——3.0<y<35 ==,
(\_.g 4 3.5< y<4.0 B ‘\—'g | L —-35<y<e0 _¢_—Y—
——4.0< y<45 e E ——4.0<y<45 E
R ’ L L _o_:é'_' F ’ R e
0 5 10 0 5 10
p. (J/y) [GeVic] p.(J/y)[GeV/c]
[L:Q 0.5 [ T T T T T T T T T T T i
- LHCb 1 pr<14GeV/e, 2.0 <y < 4.5
04F \s= 13 TeV, L, =3.05 pb’ ;F
N —— 2.0<y<25 ——=
N —=— 2.5<y<3.0 _ _:%—tﬁ: ]
[  ——3.0<y<35 7
0.3 - ——35<y<4.0 ﬁﬂz‘—%ﬂ" .
= ——4.0< y<4.5 —A——A— .
02F = _T_“%:
T - ——ae :
0.lE==="" " b fraction increases -4 Naive extrapolation to 4 using Pythia 6
towards central rapidity
O 1 L | L L L 1 | L L L —_—
0 5 o(pp — bbX) =515+ 2+ 53 ub

©

10
pT(J/ V) [GeV/c]



&8s J/y: Comparison to theory

— 10* — — 10° :
o E H.-S. Shao et al. [JHEP 1505 (2015) 103] E ©
> __._. -—0—:_._. ] >
G| - | &
3 ]
= 3 ek
= F 1 =
= T . =
S 10°F ERE T
[©) - . O
© i ] © jof
[ 4 LHCb prompt J/ v, 2.0< y <4.5 | E —4— LHCb J/ y-from-b, 2.0< y <4.5
10 E B3 NRQCD, 2.0< y <4.5 [ (2553 FONLL, 2.0< y <4.5 :
- L L L L | L L L L | i L L L L | L L L L | L L L ]
0 5 10 0 5 10
p (J/y) [GeV/c] p (J/y) [GeV/c]
= W71 71 ] = b7 ]
= ] E ]
o i ] o i :
156  —4— LHCb Prompt J/ y/ . 3L —4— LHCb J/ y-from-b -
I ] [ e FONLL ’
[ ] [ [CJFONLL, t o -
. 1k —:
i : N i i
5¢ ¢ . - T ¢ .
: : w ;
! L ! | L ! L L | L ! L ! L ! | ! L L L | L L L
0 5 10 0 5 10
\s [TeV] \s [TeV]

10



J/y: Cross-section ratios  {G9):

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%

Vo 3 ! ! ! T | ! ! ! ' I ! ! N 3 ! T ! ! | ! ! ! T | ! i
o B J ) _ -
= | LHCb ] = LHCb |
O \s =13 TeV/\s = 8 TeV cross-section ratio O \s =13 TeV/\s = 8 TeV cross-section ratio ]
&) o {
\.o/\o | i \-o/\o i
Q 2 | | 2 2 — l & 00‘0::::&'
&t I o . v F 1 PR,
L = ¥ _ _
[ prompt - - from b |
1+ . 1+ .
| —¢— LHCb (7<pT<14 GeV/c) 4 | —¢— LHCb -
- —e— NRQCD (7<p <14 GeVi/c) 1 - B FONLL .
0 1 1 1 1 | 1 1 L 1 | 1 1 O L 1 1 1 | 1 L 1 1 | 1 1
2 3 4 2 3 4

1



LHCD
] )

12

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

b cross-section ratios from
semi-leptonic decays

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

LHCb-PAPER-2016-031

R, (do(pp— H X)/dn)

1.5F
E
0.5
O:

4:
3.5F
2.5E
2

— FONLL

+ Data

More details in talk of
R. Silva Coutinho



s B, physics

. . From Godfrey, PRD 70, 054017 ’
Ground state 1s unique meson 2600 [T " 7565 7571 7568]
. . . i 7455 7475 7487 6 7563 ]
containing two heavy quarks decaying o P e e ]
5\ 7200 -_ ﬁ%ﬂ 7041 7045 e
weakly 3 S
L 6800 g0 6750 6768
. % : 6741
Ideal testing ground for QCD models = oo b o B, Mass Spectrum
o S0
I 1
6000

'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-n* and evidence for B," = y , n" arxiv:1607.06134

- For B= ppr™ see talk of C. Haen
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Events / (10 MeV/c?)

14

B.," = J/yK"

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

CKM suppressed b =» cus transition

New update to full Run 1 dataset (3 fb!)

Normalize to B,"= J/yn*

IIIIIIIIIIIIIIIIIIIIIII

—4— Data

' = &> T00F
. L =
E 2 “F  LHCb
— Total fit E o 500F
— - J/yK" signal . = -
J/y ' misID ] > 400 = 20 1 2
< Comb. bkg. ] 2 ok
= q
{ 200
b

—+— Data =
— Total fit .
— - J/yr" signal —
..... J/wK* misID .
wwoe Comb. bkg. =

Part. rec. bkg.

6460 .
MJ/yK") [MeV/c2]

6600 000

6400 6600
M/ yr*) [MeV/c?]



S B." = J/yK*

* Simultaneous fit to signal and normalization channels

* InRun 13207 +/- 64 total of B,"=» J/yn* candidates

7TeV  8TeV

: : Signal model 0.5%  0.8%
Main systematlc from Combinatorial background 1.1%  0.5%
treatment of partially Partially reconstructed background 3.3%  3.2%
reconstructed backgrounds 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

15



Lch BC+ 9 K+K-7.[+ %

be — WT — ug (q:dgs) BJ%DO(—> Km)h™ (h=m, K)

¢ K*
L
B; S K
C <Z n+
BY — [cc](— hihy)hS

For normalization use

B* - D’ (= K+*K~)r*

And measure
_o(B])

Events/(0.004 GeV/c?)

c

2 D'— K+

5
:/\=

BF — BY(— hihy)hi

" LHCb

54
m(K*K 1) [GeV/c?]
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Purity

17

Candidates/(0.020 GeV/c?)

00

20

18
16
14
12
10

8

NI SN

80 P
60 |

40

S = N WPk u &N
L L B LA

= + MEKKT) Tocs

— 0.04 < Oppr < 0.12 -]

qqqq

0.12 < Ogprt < 0.18 +

Ogppt > 0.18

. 46{1‘ o -6:-2_.—'. . .6:3. i _‘ L6.L4L —
T m{K*K ) [GeVie?]
Annihilation region

B, = K'K#n"

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

be = W+ = ug (¢ =d, s)
m(K~mt) < 1.834 GeV/c?

To enhance sensitivity analysis 1s
done in 3 bins of output of BDT trained to
discriminate signal

N, = 20.8%5'

2.4 o significance



S T = KTKnt"

Purity
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Candidates/(0.020 GeV/c?)
Candidates/(0.017 GeV/c?)

wn N 9 oo

~

)

E\)ErlllIIIIIIIII|IIII|IIII|IIII|I|| TTT
3
H
{
{
il

S = N W
[SC=JNSE R TR N S

6.1 6.2

34 35
m(K*K") [GeV/c

63 64
m(K*K w*) [GeV/c?]

5]
[S——1
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Em

&

o

B.," = K'K#«"

? EI ! : ': ! ' I ' ' ' 'E ﬂ,'_‘ EI ! : ': ! I ' ' 'E
& OFrlae LHCbY = 3of - Xeo LHCb
% 25 3 i N .." Oppr > 0.12 E % 25 3 b Oppr > 0.18 3
O 20F 3 # 4 O, 20F ¥ =
F iy ] - X ]
B OPERL O . ERICEN E
e 10E - Sl § g 1 & 10F | g E
~ E . R ¢4 3 ~—~ = ¥ Annihilation region E
NS 5 P S PP DU _._.-._._._._,_,_...._,_."_._l,‘l:;.._..___._..,. _ NS 5 e == imm i m e P b
Of ., il S e Tt 2 O . i
0 10 20 30 0 10 20 30
m2(K*K) [GeV?/¢4] m2(K*K) [GeV?/c4]
Systematics B
0\ bec + +
Source Rankkr Ry (BT) X B(BC — XcOT )
Normalisation yield 1.3 1.3
Event distribution 1.6 -
Fit model 2.4 2.3
BDT shape 5.0 2.9
PID 1.0 1.0
Simulation 08 08 R 15(17) x 105 (Expected to be at
Detector acceptance 0.4 0.3 < X e _ _
B lifetime 2.0 2.0 an, KK 10°-108 level)
Hardware trigger 1.5 1.4 N
Fiducial cut 01 01 Rpy, = 22 x B(Bf — Blr") < 4.5(5.4) x 1073
Branching fractions 3.6 6.2 ® o
Total 7.5 7.8

19

Rpog = 282 5 B(BF — DYK*) < 1.3(1.6) x 107




LHCD
THCD b-b dI'YOI1S
Until LHC startup very poorly explored J=1/2 b Baryons 3 b
Weakly decaying A,, 2., €2,” observed 57
+ strong decaying charged X
1b
Excited A, states seen by LHCb
PRL. 109:172003 (2012)
0b

20

Excited &, states also seen by LHCb
(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 = Tz~ > T=o & Ty
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Ay 2 y(2S)pK-

150
oN . LHCbH q«zs) N
E; [ dimuon E;
E 100+ decay E
g i g
gt ¢
= - =
< i =
T so- =
< <
O i O
0 56 5.65
m(P(28)[= ptuTlpKT)  [GeV/e?]
& | LHOb y(2S) o
= 40; Jhynn =
= decay p=
@ @
~- ~~
8 &
= =
< g
2 20k =
=] =)
< <
O )
0 T 565
21 m(y(2S)pK ™) [GeV/e?]

3000

2000

1000

. LHCbH

Iy
dimuon
decay

100

50

: LHCb

5.6 5.65

m(Jpprt T pK ™) [ GeV/c?]

First observation
of these modes
using Run 1 dataset

Channel N(AD)
A= JjopK 28834 £ 204
Ap = 9(28)|= utpu|pK 665 £ 28
A= @(25)|—= Jidxtn—|pK 231+ 17
A= Jjoxta pK 703 £+ 36



! A, =2 JyrnpK- @

@ stat. unc.-
™ LHCb 2016 Ay—yppK’
. . . e~ LHCb 2015 B —=yr*
Combination of y(2S) modes gives —e—1  LHCb2013
B(A? — (2S)pK ™) B H—e—H LHCb 2013 B{—yrtw
b(28) — b = (20.70 £ 0.76 £ 0.46 £ 0. 1072
i B(AY — JAppK~) (20.70£0.76 £ 0.46 £ 0.37) X 10 ——e—— LHCb2015 B{—yn
BY—ym LHCb 2013 o
Excluding intermediate resonances LHCb 2012 rees B0
D0 2009 — | —
CDF 2006 H ]
- B(A)—= JpmtpK) _
Jpntn— _ b _ 2
R — B JopK) (20.86 = 0.96 £ 1.34) x 10 LHCD 2013 O
LHCb 2012 HoH B’ —yK™
. CDF 1998 -
Also determine
LHCb 2012 —eo—+ B—ynt
B 29) —s utu LHCb 2012 o B*—yK*
W25) = LTHT) (930 409040124+ 0.01) x 10-2 | Do20d ——
BA(28) — JAp ) CDF 1998 H—a—H
I|III|III|III|III|
Most precise direct determination of this ratio o2 040 it

22



e A, =2 JynnpK-

Low Q-value of these decays allows e it une. ) LHCb
for precision measurement of A, mass AIWA, 2010 =

A —IYA, 2011 /
Complement with measurement T | ./ /
using normalization mode 5019445040
(large dataset but higher statistics) A—ALD;

A, —JypK
This gives:

A=Y (2S)pK, w(2S)—uw

A=Y (2S)pK,
y(2S)— Jyn'n ¢ 27

ATy pK,
Y (2S)-vetoed

LHCb Comblnatlon Average (only this analysis)

- v
e % ________

New LHCb average (excl. A,—A; D;)

M(A}) = 5619.65 £ 0.16 = 0.14 MeV/c*  |soss021

I I R R R R R R R
5618 5619 5620

_ M(Ab) [MeV/cz]
23




e Q- mass and lifetime )]

63 +/- 9 Q- =» QY1 candidates observed in Run 1 data

§  LHCDb — Full fit § I LHCDb % — Full fit
o 30 — Q. O [O) L
2 30 v Sl 2300
8 - Qb_> Qcp 2 L
= T u Q2 comb. = t
9] - 0y~ (9] -
% 20 Q.— QK %200_
— *0 —

% Mo or g I
S Q. comb. S |
©) @) _

10§ 100~

| | | | | | | | | | ¥’0:0‘ 1 “N‘ 1 l
5800 6000 6200 0 6400 5600 5800 6000 6200
M(Qor) [MeV/c?] M(E2r") [MeV/c?]

Make relative measurement of lifetime/mass difference using the mode
5, =@ E 1 as normalization

24



& Q| 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



S 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

26
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S J/y selection
Trigger selection

LO0: 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



LHCD

30

ATLAS

(Ay=IpA)

CDF

(A, —TpA)

LHCb

(Ay=I/pA, A =JppK, A =p(28)pK)

Average 5619.65 = 0.21

5618 5618.5 5619 5619.5 5620 5620.5 5621 5621.5
A, mass [MeV/c’]




