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Outline

* Physics motivation

* The LHCD detector
* Production of J/y
* Production of y(2S)

* Production of ¥ and measurements of o(x )/o(x ) & o(x )/ o(J/y)

* Double charm(onia) production (J/y J/y, J/w C, CC and CE)
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Physics motivation

* The study of properties of bound states of heavy quarks plays a central role in
our understanding of perturbative QCD.

* J/y and v (2S) surplus problem (found by CDF 20 years ago). Color-Singlet
model failed to explain the data.

* Color-Octet Model was introduced to solve the problem. But COM failed to
explain the quarkonia polarization. Renaissance of CSM. So (CSM vs COM), or
(CSM + COM), or something else.

* Prompt ) give substantial feed-down to J/y production: crucial for polarization

studies of J/y.
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2<n<5 The LHCD detector ..

4% of solid angle
40% of heavy quar ks is a forward spectrometer designed for precision studies

of CP violation and rare decays of b- and c-hadrons
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J/w production (selection)
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Eur. Phys. J. C71 (2011) 1645

J/w production at LHCb: vs = 7 TeV, p,<14 GeV/c, 2.0<y<4.5

About 565'000 of J/v in p'u decay mode per "= (5.2 £0.5) pb”

Mass resolution o,= (12.3 £0.1) MeV/c* for (3< p,<4) GeV/c & (2.5<y<3.0)

(Zypy —2PV) X My,
Pz

J/w pseudo-proper time is defined as t. =

RMS of t_resolution function is 53 fs
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The 3 sources of J/W production:
*  direct production (prompt)

*  feed-down from excited states (prompt)

*  from b-hadron decays (delayed)
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J/Y production (cross-sections) | i iss

Cross-section results for J/y production at LHCb: vs = 7 TeV, p,<14 GeV/c, 2.0<y< 4.5
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J/W production (results and theory predictions)

Eur. Phys. J. C71 (2011) 1645
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h prompt J/W production

J/y from b production

Almost all recent theoretical models
describe the J/y differential cross-
section in the LHCb acceptance

region rather well.
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v (2S) production (1)
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Eur. Phys. J. C72 (2012) 2100

w(2S) production at LHCb: vs = 7 TeV,
p, < 16 GeV/e, 2.0<y <45

Reconstructed in two decay modes:
VR2S) s un & yi2S) »J/y

(90'600 £ 690) events for - decay mode
& (12'300 £ 200) events for J/y ' decay
mode per /=(35.9 +1.3) pb”

Mass resolutions: 0,=(16.0110.12) MeV/c’
for wy mode & o,= (2.10 £0.07) MeV/c*
for J/w ' mode (constraint on W)

pseudo-proper time is used to separate

prompt and delayed y(2S) mesons

good consistency between different decay
modes of Y(2S)



W (2S) production (2) [ suemsscnozzu

Cross-section results for W(2S) production at LHCb: vs = 7 TeV, p,<16 GeV/e,
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X. production
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X. production at LHCb: Vs =7 TeV, 2< p(J/W) <15 GeV/e, 2.0 < y(J/y) < 4.5,
" =36 pb”" (Phys. Lett. B714 (2012) 215 & arXiv:1204.1462)

Reconstructed in decay mode: ), — J/Wy'y, where J/y — @'y
Photon identified in ECAL: p(y) > 650 MeV/c, p(y) > 5 GeV/c

Observed yields of ., , X, and ¥, are (820 £ 650), (38 630 + 550) and
(26 110 = 620) events per -~ = 36 pb”!

X. production at LHCb: vs =7 TeV, 2<p (J/y) <15 GeV/c, 2.0< y(J/y) <4.5,
=370 pb’ (LHCb-CONF-2011-062)

Reconstructed in decay mode: },— J/Wy'y, where J/y — Wy, y— e'e

Photon converted before the magnet
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Measurements of o(y )/o(x ) and oy )/ o(J/y)
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Double charm(onia) production

* The total cross-section, o (pp—> CEX ) =(6.10 £0.93) mb, measured by LHCb at Vs =7 TeV
is found to be large and in agreement with QCD predictions (LHCb-CONF-2010-013)

a) about 1/10 of inelastic cross-section
b) about 20 times the bb cross-section (PL B694 (2010) 209)

* Prompt production of J/V is also large: o (pp—>J/wX) = (10.5 £2.5) ub for (2<y<4.5)
& p, <14 GeV/c (Eur. Phys. J. C71 (2011) 1645)

* The question of multiple production of charm states naturally arises

* To shed more light on charm and charmonium production mechanism(s), LHCb studied
a) J/y+J/y
b) J/w + open charm
c) open charm + open charm
where (open charm) = D’ D+, D and A*C

LHC on the March 2012 A.V.Artamonov 12
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Double charmonia production (J/y J/y)
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Phys. Lett. B707 (2012) 52-59
The first observation of (J/w J/y)
30 years ago!

Recent observation of (J/y J/v) in
pp collisions vs = 7 TeV at LHCb
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o(J/yJ/y) = (4.1 £1.2) nb for gg— 2xJ/y
Phys. Rev. D57 (1998) 4385
Phys. Rev. D84 (2011) 094023
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Double charm production (charm hadrons)

J. High Energy Phys. 06 (2012) 141
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(J/y C+J/l,//E) 2D mass spectra @ vs = 7 TeV, "= (355 +13) pb’!

J. High Energy Phys. 06 (2012) 141

*  Paired charm hadrons with vertex requirement to remove

.
=
=

contamination from pile-up and B hadron decays
300

200 *  Charge conjugate modes included in the plots

Candidates

100
*  Raw signal yields from 2D mass fit

*  When no significance is quoted, it is in excess of 8o

i} Mode S Sy P M]
5 JAp DY 4875 + 86 39
E JDT 3323 £ 71 26
© T DY 328 + 22 65
JpAF 116 £ 14 7.30 08
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Candidates

Candidates

D’C+D°C 2D mass spectra @ vs = 7 TeV, "= (355 +13) pb’

LHC on the March 2012

Candidates

Candidates

J. High Energy Phys. 06 (2012) 141

*  Charge conjugate modes included in the plots

*  Raw signal yields from 2D mass fit

*  When no significance is quoted, it is in excess of 8o

Mode S Se P [%]
DD 1087 £ 37 4.5
DD’ 10080 + 105 33
D'DF 1177 =+ 39 241
DD- 11224 + 112 36
DD 111+ 12 So 10
DD 859 + 31 13
2 Y DA A1 x38 5o 9
%’-“gif,'-_‘g‘:.:i.:r. DA 308 £ 19 35
gql‘;:{:‘.:,-::'f- DTDT 249 &+ 19 15
== D+D- 3236 =+ 61 67
=~ 2\ DTDF 52+ 9 5o 54
D+D_ 419 + 22 59
D¥AF 21+ 5 250 36
DTAZ 137 + 14 8o 7
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Cross-sections and ratios @ s = 7 TeV, "= (355 #+ 13) pb’

J. High Energy Phys. 06 (2012) 141

Model independent cross-sections
measured by per-event efficiency
corrections (estimated from data

directly when possible)

=0

First observation of (J/y C & J/y
C) events and (CC & C C) events
in hadronic collisions

gg fusion predictions (gg — J/y c;)
significantly underestimate the

cross-sections

107"
Good consistency between DPS

prediction and the measurements
for (J/y C) events. In case DPS

dominates, o0,/ 0., .,~15mb
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Slope parameters of p' spectra

J. High Energy Phys. 06 (2012) 141

*  p'(J/y) spectra in (J/y C) events harder than
p! spectrum of prompt J/y (in inclusive).
But p'(C) spectra in (J/y C) events have

almost the same form as in inclusive.

*  pY(C) spectra in CC and CE' events are
similar but different from those found in
single prompt charm events and in (J/y C)

events.
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Search for rapidity and azimuthal correlations (1)

No evidence for |A@ | and Ay
correlations in (J/y C) events

Another plus for DPS model?

No evidence for |A¢ | and 1Ayl
correlations in (CC) events given

the present statistics

LHC on the March 2012
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Search for rapidity and azimuthal correlations (2)

Clear enhancement at small |A¢ |
in (CC) events

Consistent with cc production via

the gluon splitting mechanism

Some enhancement at small 1A'y |
in (CC) events

LHC on the March 2012
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Mass spectra for some double charm events

J. High Energy Phys. 06 (2012) 141

mass spectra for (J/y C) and (CC)

events appear to be independent of

>

charm type

mass spectra for (CC) events are
similar and independent of charm
type. Enhancement at small mass
(due to the gluon splitting

process?)
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Conclusion

Differential cross-sections for J/W and W(2S) were measured as functions of p" and y, (2<y<4.5). Recent QCD

calculations are found to be in good agreement with these measurements.

Ratios of prompt production cross-sections o(x,,)/0(x.,) and o}, —J/¥ Y/o(J/y) have been determined as
functions of p"(J/y). Results for o(y )/o(x.,) are found to be larger than any prediction and CDF
measurement. Results for o(x )/o(J/y) are in excellent agreement with NLO NRQCD over the full range of p'.

(J/w J/w) events has been observed with S>60. The production cross-section of the events is (5.111.0% 1.1) nb,
consistent with predictions of gg-fusion. Higher statistics will allow to study the kinematic properties and to

probe different production models, and to study a possibility of charm tetraquarks (low mass) or decay of

X,— W I/y (~9 GeV/c).

The first observation of (J/y C) and (CC) in hadronic collisions. The cross-sections and properties of these
events have been studied. Higher statistics will allow to elaborate different production models.

In this year, LHC is delivering pp collisions at vs = 8 TeV. The production measurements to be repeated at this
higher energy.
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2D mass spectra

D*C production

J. High Energy Phys. 06 (2012) 141
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D°C production

2D mass spectra

J. High Energy Phys. 06 (2012) 141
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D*C production

2D mass spectra

J. High Energy Phys. 06 (2012) 141
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J/w C cross-sections and ratios

J. High Energy Phys. 06 (2012) 141

Mode o [nb]

JAp DY 161.0 4 3.7 4+ 12.2

JApD 56.6 4+ 1.7+ 5.9

JApDF 305264 3.4

JAF 4324+ 7.0+ 12.0
Mode TIAp C/UJN} [10_3} T IAP (:j/(T(:j [10_4] T IAp {T(j:/{T‘]N) C [Hl]}]
JAp D 162 +0.4+1.37; 6.74+0.24+0.5 149 +04 £ 117573
JApDT 5.7+ 0.2+ 06152 5.7+0.24 0.4 17.6 + 0.6 + 1.3123
JpDZF 3120340418 7T8+£0.840.6 128 £ 1.3+ 1.1132
JAAF 43407+ 1.2102 5.5+ 1.0+ 0.6 18.0 + 3.3 £ 2.112%
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Cross-sections and ratios for CC and CC

J. High Energy Phys. 06 (2012) 141

Mode o [nb] occ/ocs [ 0c,0C,/00,co [mb]
om0 - ) - 5w (49 4 ;

D E{) 690 + 40 £ 70 100408 2 x (42+ 3 £4)
DD 6230 £ 120 £ 630 2x (4.74+014+04)
o+ = . = A~ — ;

D{)D_ .020:|: 80 =70 19849 1 47 + r. + 4
D"D 3990 £ 90 £ 500 6.0+£02+£0.5
D”D:F 270+ 50 £40 157+ 3.4 36+ 8 +£4
D”Ds_ 1680 £ 110 &£ 240 e 56£05+£0.6
D“ﬂ,_? 2010 + 280 £ 600 — 9+ 2 +£1
DD+ 80+ 10 £10 2x (6611 £7)
_ 9.6+1.6 .
DTD- 780+ 40 £130 2x(64+£044+0.7)
++ rd =4 =4 =4
D7D 0+ 15 £10 121423 50+ 15 £6
D+DZ 550 £+ 60 +£90 T+ 1 +1
TAT ) . 2 : 7
D ‘}C 60+ 30 =20 107450 140 4+ 70 £20
DTA- 530 £ 130+ 170 154 4 £2

C
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Slope parameters of p' spectra

J. High Energy Phys. 06 (2012) 141

_, pL-slope [%}

Mode JAD o C Mode pl-slope [ﬁw
JAp DO —0.49 4 0.01 —0.75 4+ 0.02 DDV —0.51 +0.02
Jp D+ —0.49 £ 0.02 —0.65 4 0.02 D'D" —0.48 £ 0.01
JpDF —0.60 £+ 0.05 —0.68 +0.05 DD+ —0.40 £ 0.02
Jp A+ —0.46 4 0.08 —0.8240.08 DD- —0.46 + 0.01
7 0,633 £ 0.003 D"DF —0.51 4 0.05
DY —0.77 £0.03 D'D_ —0.44 £ 0.02
D+ —0.70 £ 0.03 DUA; —0.41 £ 0.03
D} —0.57£0.13 DD —0.48 £0.04
AF —~0.79 4 0.08 D¥D- —0.46 £ 0.01
' DD —0.39 £ 0.07
D+D- —0.42 +0.02
D+AC —0.38 £ 0.05
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Pile-up from data

J. High Energy Phys. 06 (2012) 141
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