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Outline

s Introduction to the LHCb experiment.

+* Quarkonia production:
< J/y production cross-section.
< J/y polarization.
<> Y(nS) production cross-section.
<> 7. production cross-section.

*» Spectroscopy: X(3872) characterization.

s Conclusion.
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The LHCDb detector
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Data samples:

% 2010: 0.037 fb at Vs=7 TeV

p—

% 2011:1.1fbtatvs=7 TeV

% 2012: 2 fbl at Vs=8 TeV

—

CMS | results presented here are
based on 2011 and 2012 data
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ALICE LHCDb

, ECAL, HCAL, counters lumi, muon, hadron PID
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Quarkonia

% Abundantly produced in LHCb: ~60 Hz of J/y->u*u @ 2012 conditions.

% Most of them are very well known resonances (width, mass peak, br, ...).

%* Production mechanism not yet fully understood.

s Active interest of theorists (Tevatron puzzle), several models of the production mechanism available:
<> Color-Singlet (CS)

<> Color-Octet (CO)
<> FONLL (production from b-hadron decays)

*

D)

)

» For the LHC experiments, new computations are being performed:
NLO, NNLO™*) corrections to CS and CO production.

*

D)

* LHCb studies quarkonium hadroproduction in a unique kinematic region:
<> Forward rapidity range (2<y<4.5)
< Low p;range (<20 GeV/c)

)
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J/y production

. 1 _
% Select decays of J/y into muon pairs: 2.6MJ/y in 18 pb™ at Vs = 8 TeV

<> opposite charged tracks from same vertex gzwoo__ (a) LLCh
<> good track quality and pID Y . is=8TeV
s > 000 2.5<y<3.0
<> minimum threshold on p(p) w, 150001 3<p. <4 GeVie
4 : 6=13.5 MeV/c?
. . . m B
% Measurement of the double differential production 5 100001
. . . =1 L
cross-section in bins of y and p+: S -
< 0<p;<14GeV/c 20001 : :
< 2.0<y<45 cerrenrmenenre o
I TR Pt L e ]
0 3000 3050 3100 3150 3200
% Prompt J/y and J/y from b decays components m( pu”) [MeVie?]
separated using pseudo-proper time:
_ _ z  FE (b
tz - (ZJ/\V ZPV) X MJ/\V/pZ :l‘ 10° & —— Data L”l{_Cb'
> Py = . Vs=8TeV
< [T Totalfit 2.5<y<3.0
¢ 10°E —J/y fromb 3<p <4 GeVle
§ . B2 Prompt J/y L
. 5 10 [l Wrong PV
< = s
PV . S 1k [ ] Background
H g
10
> :
0 d. z 1
*+ Signal extraction by a simultaneous fittom,,, A 0

and t, in each (p;y) bin
JHEP 06 (2013) 064
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Prompt J/y: results

—_— [ T T T T T T ‘ |
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=~ 10 —o— LHCb prompt J/y,20<y < 45 5
> = - .
3 A prompt l]]]Direct NLOCSM,20<y < 45 NLO CSM model:
< 10°e Direct NLONRQCD, 20 < y < 455 Phys. Rev. Lett. 98 (2007)
= S g s e ~ 3
— 3 R\~ Direct NNLO*,20 <y < 45  —|
2 AUE . NLO NRQCD model:
Bl E . Phys. Rev. D84 (2011) 051501
E W 3 Phys. Rev. Lett. 106 (2011) 022003
0F N
101 Vs=8Tev N
1072 B I | I | ! ]
0 5 10

P, [GeV/c]

D)

» Prompt J/y mesons assumed to be produced unpolarised

L)

c(prompt J/y; p; < 14 GeV/c; 2.0<y < 4.5) =10.94 + 0.02 (stat) £ 0.79 (sys) ub
o(J/y from b; p; < 14 GeV/c; 2.0 <y <4.5) =1.28 £ 0.01 (stat) £ 0.11 (sys) ub

R/ R/
0‘0 0‘0

Systematic uncertainty ~ 7% (main contribution from luminosity and trigger efficiency)
Predictions for direct J/\y meson production

Experimental data include feed-down from higher charmonium states

(20% from . ->J/w vy and 8% from y(2S) -> J/y nr)

*» Data in good agreement with NLO NRQCD

/ R/ /
000 0’0 000

>
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J/w from b: results

= ‘ -
= 3L - 1400 — —
g 10 g (@) -o-LHCb Jy from b,20 <y < 45 g § E e LHCD Jhy from b, p_ < 14 GeV/cE
ry A FONLL,20<y < 45 : = |51200 -
S | o N = L FONLL,pT< 14 GeV/e ]
2 | L _
> Hlo —- E 1000— —
= g . B 7
7 F - : 800 fromb -
10 g = - % .
- e ] 600 —t ; -
1; fromb . ; 400:_ e _:
C \S=8Tev i 200— Ns=8TeV : -
10—1 1 ‘ I IR ! 0:\ | I I I I I | |:
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P, [GeV/(] ¥
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= 4. tHOo Jhp from b,20 <y < 45, p_<14GeV/c = FONLL model:
e} C . .
35; FONLL,20<y < 45, pL< 14 GeV/e _E JHEP 10 (12) 137
3 B JHEP 05 (1998) 007
25— =
- fromb ] .
2F = s Excellent agreement with theory
E { ¢ E s 8 TeV data in JHEP 06 (2013) 064
05;_ E s 7 TeV datain Eur. Phys. J. C71 (2011) 1645
Tt - = s 2.76 TeV data in JHEP 02 (2013) 041
07 1 | 1 | 1 1
10 15
s [TeV
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J/w polarisation

J/W, pp Vs =1.96 TeV dtJ/
** Prompt charmonium production still puzzling: 4 NRQCDfactorization - - V..
. . . < Braaten, Kniehl & Lee, PRD62, 094005 (2000)
many theoretical models available describing e
_ - 0.5 P :
well the cross section but not the polarization | direct 1/ ;
) CDF Run Il +J/L|Jfrom)(cdecays
(NLO NRQCD . 0] "'"-—i—-_._ ; 1 CDFCuII.,PRLBQ,132001(20()7]l
! L '
. . ) . 0.5 S Colour Singlet Model | direct)fy |
¢ Prompt J/y cross-section depends on polarization B e N e
(distortion in the decay product acceptance), T T e s a
may lead to large uncertainty on cross-section P, [GeVic]
measurement.

¢ Status of experimental studies: previous measurements from CDF, PHENIX, HERA-B (PRL 99 (2007),
132001, PRD 82 (2010), 012001, EPJ C 60 (2009), 517)

s At LHC:

<> ALICE PRL 108 (2012) 082001: overlapping kinematic region with LHCb (possible direct
comparison).

<> Recent results from CMS arXiv:1307.6070.
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J/wv polarisation: strategy

)
0‘0

Data sample: 0.37 fb! integrated luminosity from 2011 run, in bins of p;and y
» Extract polarization from angular distribution of the J/y -> uu (feed-down included)

%

<+ Full angular analysis to determine the polarisation parameters (Aq, Agy,24): auEron 4 2
rest frame ‘
d*N 2 - 02 \88 i+
oc 1+ 4, 08" &+ 4,,5IN260c0sp + 4, SIN" 0 COS 2¢ production :
d cos &g ane

polarangle azimuthal angle X

+* Data presented in two different polarisation frames:
Helicity frame (HX) and Collin-Soper frame (CS)

x10°
¢ Prompt J/y and J/y from b decays SN S
components separated by using = O0ELHCb (s=7TeV{ * Data ;
pseudo-proper time § soF —bkg+signal
- bk .
(Q\| C g .
N 40:— ---signal 3 5<p;<7 GeV/c,
2 30F . = 3.0<y<3.5
= :| | | |:
S 20! | | =
S fl | | | 3
Sop L
' - . 3x10°

o

Eur. Phys. J. C (2013) 73:2631

3 305 3.1 3.15 32
M(u*u) [MeV/c]
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J/w polarisation: results

0.8-
0.6

0.4+

pp Vs =7TeV HX
HX frame
J/lp '
-3 —|k
Skl |
k-4 %T}- ,,—{'}‘—*—4 C' 47—#)—
""V“"“; ,,,,,,,, 1‘ B B T e W e
e % ,
] %T‘? . —e— CMS, lyl <0.6
1 ¢ & CMS, 0.6 <lyl <1.2
1 [ef e LHCb,2.0<y<25

v+ LHCb,25<y<3.0
—#— LHCb,3.0<y <35
+~— LHCb,3.5<y <4.0
*~ LHCb,40<y <45

~ ALICE, 25<y <4.0

T I T T T

10 20 30 40 50 60 70
P, [GeV]

ALICE: PRL108(2012)082001

CMS: arXiv:1307.6070

LHCb: arXiv:1307.6379

(P. Faccioli, QCD@LHC 2013, DESY, Hamburg)

LHCb results are compatible with NLO NRQCD calculations that include feed-down contributions.

s |p—+—t———p— HXframe —p—————+
E LHCD (s =7 TeV = 3
0.8F ==
E @NLO NRQCD(1) \\ =
0.6 F-INLO NRQCD(2) \\\\\ =
0.4 E-BNLO NRQCD(3) \\ r&
. e
0F "
-0.2 ;—
-04 ;—
-0.6 ;—
-0.8 ;—
_10
pT(J/ ) [GeV/c]
NLO NRQCD (1): NPB 222-224 (2012) 151 (Proc. Suppl.)
NLO NRQCD (2): PRL 110 (2013) 042002.
NLO NRQCD (3): PRL 108 (2012) 242004.
NLO CS: NPB 222-224 (2012) 151 (Proc. Suppl.)
<+ Parameters Ay, and A consistent with 0, so A;,, = (Ag+3A,)/(1-1y) = A4
s Asmall longitudinal polarization is observed.
¢ Results in HX and CS are consistent.
o
o
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Good agreement is also observed with recent measurements from ALICE and CMS

(although in a different kinematic region).
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Y(nS) production

T L R T) .
> - 51pbt Y(1S) LHCb 1 = e = LHCb ]
< 10000 ﬂ 's=8TeV - © 102§ —o—%'%$+ Ve=8TeV &
(-lQ] - !‘ . :'é =T +:f ]
< s000- ~60k Y(nS) N o I Z
j:; c(1S) = 43 MeV/cZE % “:?10 _ %vji_‘_ -
'"% 6000~ - =I® %F%::iii B ]
U | | — e - : . _
4000 N T4 20<y<25 —o _v__._—a—f =
- i 1k = 25<y<30 —=
] e 30<y<35 —— *5
| R i A
ol alasassl lanss: |-"‘. n b . -’:J “‘u ". |‘" ] ! | L |-'- 1071 ! ! ! \ ! ! \ !
9000 10000 11000 0 5 10
m( L) [MeV/e?] p [GeVic]
o(pp -> Y(1S) X) x B> =3.241 + 0.018 (stat) £ 0.231 (sys) nb
o(pp -> Y(25) X) x B = 0.761 + 0.008 (stat) + 0.055 (sys) nb B® =Br[ Y(iS) -> pu ],i=1,2,3
o(pp -> Y(3S) X) x B3> =0.369 + 0.005 (stat) £ 0.027 (sys) nb
JHEP 06 (2013) 064
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T 10F ('a) e Y(1S)data, 2.0<y<45 |
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—e— Y(2S) data, 2.0<y <45
Direct NNLO* CSM, 2.0<y<4.5
- Direct NLO CSM, 2.0<y<4.5

—~ 4
o
~

m
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IIII”“I‘ T '+

Y(25)
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Vs =8 TeV

10-4 1 L L I | L L L | | L
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15
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¢ reasonable agreement with NNLO* CSM
¢ no feed-down included in theory

+* NLO NRQCD not yet available
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Presented by H.K. Woehri at LHCP 2013, Barcelona, 13-18 May 2013

.g . \/E:TTGV
> |/ ALICE CMS ATLAS 8 <p. <15 GeV/c
© T
5 102 R S e
© . S
] o O~ O
e S R . J
10 B S Al
1= e e L ¢
1= == = i W -3p Tl v
| +
1= e prompt J/y " Y(1S)
7 o prompt vy’
1 mY(9)
1 o Y(2S) luminosity uncertainties: Y(ZS)
* Y(3S ALICE: + 3.5% ATLAS:: 3.4%
] ( ) CMS: = 4.0% LHCb: = 3.5% LHCb-JAp: = 10% Y(3S)
10 L L L L L L L AL L B L L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
y

Note: the lines do not represent any theoretical model;
they are added to help quiding the eye through the points
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J/

*%* impressive amount
of results

** nice complementarity

in acceptance among

GPDs and LHCb

ALICE : 5.6 nb!
ATLAS : 2.2 pb

CMS : 37,36 pb!
LHCb : 5.2, 36, 25 pb

ATLAS: NPB850 (2011) 387
CMS: JHEPO2 (2012) 011
LHCb: EPJC71 (2011) 1645
LHCb: arXiv:1204.1258
LHCh: EPJC72 (2012) 2025

ALICE: arXiv:1205.5880
CMS: BPH-11-001
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Y. production at Vs = 7 TeV

%+ Studies on y_ production provide an important
test for understanding quarkonium production.
<> substantial feed-down contribution to
prompt J/y from 7y states impact on
J/y polarization measurements.
< o(x)/o(y.,) is sensitive to CS and CO
models.

< Select prompt % -> (J/w->pp) v
¢ photons reconstructed in the calorimeter:
<> high statistics
<> poor resolution
¢ photons converted in the detector material before
the magnet (y->e*e’):
<> improve mass resolution (tracker)
< lower statistics (light material budget in the
vertex locator)

Events /[ 9.2 MeV/c?]

Candidates / (2.4 MeV/c?)

{s=7TeV

non-converted photons

400 600 800 1000

M(p+y) - M(Uw) [MeV/c?]

200

100~
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converted photons
1< p_Jlf‘*’< 13 GeV/c

300 400 500 600

700

M (y)=M (uw’) [MeV/e?]



Y. production at Vs = 7 TeV

JHEP 10 (2013) 115

4

D)

Measurement with 1 fblatvs =7 TeV,

in bins of p; and integrated over rapidity
in the range 2.0 <y < 4.5, using converted
photons.

First evidence of the ¢, state at a hadron collider
with a significance of 4.3c!

o(x,)/o(y) inreasonable agreement with
(N)LO NRQCD predictions for p; > 4 GeV/c

Systematic uncertainty (~¥6%) dominated by
photon efficiency

Large uncertainty (not included) from the
unknown polarisation of the two 7. states

NLO: PRD 83 (2011) 111503
LO: arXiv:1305.2389.

c\’IQ?2000 l I:Hl(jll) ] T T | _
i Ihy -
= ol 4<pT <20GeV/c 7
o - J
s - ]
; | —
O 1000 }— "
T T . '
o - ' i
S T 5 i
S soof 'f .
S 500~ ]
i P f
oFr S e Lt o T
200 500 600 700
M(pruy)=M(ptw) [MeVic?]
x*a-| B —+— LHCDb, 2<y<4.5
° 1 N\ NLO NRQCD
8 [ | LONRQCD
°© 1T I\ \N
. 5__ \ DM “““"-3\?‘;\\\\\&“\\\\\\\\\\\\\\\\@&\\\\\ |
0 i | L | | L T T A T
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New exotic mesons have been observed by different experiments: X(3872), X(4140),
Z*(4430), which don't fit into the ccbar conventional picture.

X(3872) discovered by Belle (2003) in B*-> X(3872)K* [PRL 91 (2003) 262001] and confirmed by
CDF, DO and BaBar. Also LHCb measured production cross-section and mass with 34.7 pb-?
at Vs =7 TeV [EPI €72, 1972 (2012)]

After 10 years, its nature still uncertain (conventional charmonium, bound D°D* molecule,
tetraquark state,...)

C-parity known to be positive as X(3872) -> J/y y observed by Belle [PRL 107 091803]
and BaBar [PRD 74 071101 (R)]

CDF helicity angle measurement [PRL 98 132002] excluded all JP¢ except:
< JPC=2*:n,(1D,)
< JPC =1*:y_(23P,) or exotic D°D* bound state or tetraquark

Belle data of X(3872) -> J/y nwt equally well described by 1** and 2 [PRD 84 052004]

BaBar analysis of X(3872) -> J/y o prefers 2 but does not exclude 1** [PRD 82, 011101(R)]
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X(3872): analysis strategy

** Goal: measure the X(3872) JP¢

PRL 110 222001

X(3872)

** 5-D angular correlations of decay products in ;200 1200 -.70
B* -> X(3872) K* decay mode, with X(3872) -> J/y 'n~ 000 {60
<1000 50

% Datasample: 1 fbtat Vs =7 TeV (2011) 800 ZZZ :40
< B*->wy(2S) K* as a control channel 1%

600 20

<> 313426 B*->X(3872) K* (568+31 bkg events)
< 68% signal purity in + 2.5c, region 400

_ o 500 0==750 800
<> Oy = 5.5+0.5 MeV 200 LHCb
* Angular correlations in the B* decay chain carry ob— - AV e

. . 600 800 1000 7200 1400
information on the JP¢ of the X(3872) M(r*diy) - M(Jhy) [MeV]

e
an A

Number of candidates

TTTJIT T I T I T[T T[T TI
| | | | | |
I
o
o

+ 5-D angular space: Q = (cosby, cos0,;, Ady ., c0sO,,,, Ady )
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X(3872): results

. ) ) ] . L. 1D projection onto cosOy
¢ Likelihood ratio test to discriminate between the two JP¢ hypotheses: ,,__(background subtracted)

. . 1 L}
** test statistict = -2 In[L(2-+)/L(1++)] = LHCb :
= | all candidat ]
< t> 0 favors 1**, t < 0 favors 2+ g 1oof & CANCIGAIES -
% we observe tg,,,=99, which favours 1** over 2* (rejected at >80 ) 8
c 10" n %
- 2 -
N LHCh :
= 1065- . o ¢t
@ 9o 40
-% - * Simulated J°°=2" s+ Simulated J7°=1"* - = Data i
o] I Z I — Simulated J*°=1** J
6 10 !.- 8.4c -.! 20 . PC -+ ]
5 C i pe Simulated J' "=2 ]
g104 y 50:_::::I::::::::::::::__
E Y3 §  Icos_| > 0.6 ]
> data i [ " 3
< 10° f 4 “ :
) A g ]
30p= -
107 : . L L I .
i 20k +_ [ -
1 A " A A " L L M L M 2 L L M 2 |- M L mmme= “"“: E """""" :
-200 -100 0 100 200 o | '|' E
t=-2In[ L2 )L™ ] - ]
% Angular correlations in 5-D allow for very clear T

separation between the two J’¢ hypotheses 4 Marginal differences in 1D
% Conventional charmonium fading: only ccbar possibility is distributions between 1+ and 2-
%1(23P), but mass is off % Discrimination relies on

¢ Stay tuned for more results in the exciting field! correlations in specific phase-
space regions
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Conclusions

-
"

Lots of contributions in quarkonium sector from LHCb, both in production
and spectroscopy.

Prompt J/w polarization: measurement indicates a small longitudinal
polarization.

Measurement of y.,/¥; production cross-section

Determination of the X(3872) quantum numbers: measurement favours the
1** state.
<~ If conventional charmonium state: exclude the n, (1'D,), still a
possibility with x ., (23P,), but disfavoured by mass. «
<> More exotic nature: DD molecule, tetraquark or charmonium-molecule
mixture.

.‘ ' o W =
=
- =i l

1 115 70
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LHCb Trigger

40 MHz bunch crossing rate 40 MHz bunch crossing rate
LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures readout, high E+/Pr sighatures

450 kHz 400 kHz 150 kHz 450 kHz 400 kHz 150 kHz

h* H/pp e/y

h* H/pp e/y

[ Software High Level Trigger h )
Introduce tracking/PID information, Defer 20% to disk
find displaced tracks/vertices /
Offline reconstruction tuned to trigger O
time constraints [ Software High Level Trigger )
Mixture of exclusive and inclusive .

\__selection algorithms ) 29000 Logical CPU cores

U O @ Offline reconstruction tuned to trigger
time constraints
5 kHz Rate to Storage Mixture of exclusive and inclusive

e 2 kHz e \ selﬂion algorith_ms _ y
. Inclusive/
pnclusive Excusive  Von and S AL BN .
pological charm 5 kHz Rate to storage
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J/w double differential cross-section

— \ T T T T I T T = ! ' ‘ ' \ ' '
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J/w polarisation: results

(éb 04 ! ! | ! ! ' ! | ! ! ! ! L ! ! | ! ' ! ' |

r 1 s r .
- - 04 _
02 LHCb {s=7TeV HX frame - [ LHCb (s=7 TeV e
B i 02F T ] -
0 — i 1] - s @’I $—F 1

|

I

04 --20<y<25 . 04k --20<y<25
R +25<y<30 - ' +25<y<30
06E -30<y<35 ] 06k —+30<y<35
i —+—35<y<40 . “F —+—35<y<40
I +—40<y<4.5 - I ~40<y<45
-0.8 . o/ » - . . .. 4 .
5 10 15 5 10 15
pT(J/1|!) [GeV/c] pT(J/1|J) [GeV/c]
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