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Motivation

ALICE

Quarkonia (J/, Pp(2S), T) proceed from the production of a heavy quark pair (either c
or b) in a hard-scattering process.
This is followed by the evolution of the pair into a colorless bound state.

The heavy quark mass provides a high enough hard scale for pQCD to be
applicable, however the evolution into a bound state is intrinsically non perturbative

What can we learn from measuring quarkonium production:

* pp: understand production mechanisms, probe PDFs, (particularly gluon’s
PDF’s down to low x) , provide a reference to
p-Pb and Pb-Pb measurements

* p-Pb: probe cold nuclear matter effects (i.e. modification of the PDFs,
saturation, Cronin enhancement...)

* Pb-Pb: probe the formation and properties of the QGP (color screening,
dissociation, recombination..)
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Motivation

ALICE

do® = f,(x,) fb(xb)Xdé_‘?E X<O‘?q>

Quarkonium production cross section has three components

parton distribution functions: describe the partonic (quark/gluons) content of the
proton (soft scale, measured in e.g. DIS experiments)

partonic cross section: describe how to produce the heavy quark pair from two
partons (hard scale, short distances, calculable with pQCD)

evolution of the heavy quark pair into the quarkonium state Q
(soft scale, large distances and model dependent)
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Quarkonium production cross section has three components

* parton distribution functions: describe the partonic (quark/gluons) content of the
proton (soft scale, measured in e.g. DIS experiments)

* partonic cross section: describe how to produce the heavy quark pair from two
partons (hard scale, short distances, calculable with pQCD)

* evolution of the heavy quark pair into the quarkonium state Q
(soft scale, large distances and model dependent)

Applicable to direct production.
When we measure inclusive quarkonia we have contributions from:
- decay from higher mass resonances (for J/, they are the {(2S) and X )

* decay from b-hadrons (non-prompt J/y, P(2S))



Outline

ALICE

Recent pp RUN2 results at ALICE:

* J/P and Y(2S) production at ¥s= 13 TeV and at forward rapidity
* Energy dependence of J/{p and Y(2S) production at forward rapidity

Recent p-Pb RUN2 results at ALICE:
- J/y production at v/s = 8.16 TeV and forward rapidity

More results in these systems as a function of multiplicity will be given in
lonut’s talk following this presentation.



Forward-y charmonium measurements in ALICE

ALICE Muon system:

e 5 stations of tracking
chambers (-4<n<-2.5)

» 2 stations of trigger
chambers

* dipole magnet

* absorbers

Charmonia are measured in the u+u- decay channel, at forward rapidity (2.5<y<4)
and down to p_= 0 using

* |ITS for vertex determination

* MTR for triggering

* MCH for tracking

VO detectors are also used for triggering (in coincidence with MTR)
TO detectors for luminosity determination

VO and ZDC detectors are used for centrality determination in p-Pb
Astrid Morreale SQM2017 7



ALICE

J/Y and P(2S) production in pp collisions.

« J/Y and YP(2S) production at /s= 13 TeV and at forward rapidity
* Energy dependence of J/ and Y(2S) production at forward rapidity



Data analysis

Quarkonia are measured using fits to the
invariant mass distribution of u'u" pairs

detected in the muon system at forward
rapidity

pp@13 TeV data sample from 2015 run at
LHC
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Inclusive J/Y and P(2S) at Vs = 13 TeV
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Comparison to lower energy: J/Q vs p_
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Comparison to ALICE inclusive
measurements at Vs = 2.76, 5, 7 and 8
TeV

Steady increase of the luminosity and p_
reach with increasing energy

As expected, spectra becomes harder
with increasing energy

Change of slope at high p_and Vs =13

TeV, attributed to the onset of the non-
prompt J/Y contribution

Both the broadening and the change of
slope can also be characterized by
mean p_ measurements
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Comparison to lower energy: J/Q vs p_

ALICE

ELIELIEOE B0 SR UE R SR EEAE PR LR B e SRR
ALICE, inclusive J/y, 2.5<y<4
—o— 100 x \s=13TeV,L_=3.2pb" +3.4%
SO0 i B iicCINE HE2 ol aoR
—o— 1x1s=7TeV,L =14pb"+5%
—o— 0.1xVs=5.02TeV,L_=106.3nb™" £2.1%
0.01x1s=276TeV,L =19.9nb"+1.9%
it |:| Systematic uncertainty

i BR uncert.: 0.6%

FEAL B IR FERER A
?
¢
¢

. ,,...*{?
¢

T'*
§§
¢

¢

$
+

ol ol el vl el el vl il vl

o IIIII T Illlllll T l'IlIlIl TTTT

P, (GeV/ce)

Vs = 2.76 TeV PLB 718 (2012) 295

b 10 15 20 25 30

Run2 New Vs =5 TeV
Vs =7 TeV
Vs =8 TeV

PLB 766 (2017) 212
EPJC 74 (2014) 2974
EPJC 76 (2016) 18

Run2 New Vs = 13 TeV EPJC 77 (2017) 392

/G : T T | [ R R II T T | [T3E | ] T [T BB | T EE R EE] :
> 350 ® ALICE, 2.5<y<4, ;oT<p$ax'data .
8 "~ [ — ALICE, 2.5<y<4, p_<30 GeV/c ]
= 3 RCRECEE ALICE, 2.5<y<4, p <8 GeV/c B
o [ O ALICE, |y[<0.9, p <7 GeV/c ]
o5L O CDF, ly|<0.6,p <20 GeVi/c o -/(V &
E O PHENIX, |y|<0.35, p <7 GeV/c . ]
o[ m PHENIX 1.2<]y|<2.2, p,<9 GeV/c =
- % NA3, y>0 [ .
E ] i
1.5 = =
1F * .
0.5F : . I -
- Inclusive J/y in pp (pp) collisions .
O_ 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII[ i

10 1072 107" 1 10
s (TeV)

<p.> is measured using fits to the p_distributions.
A steady increase of <p_> with increasing Vs.

Values at mid- are systematically larger than at

forward-rapidity.

Could be attributed to an increase in the longitudinal
momentum at forward-rapidity leaving less energy

available in the transverse plane.
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Models

do = f,(x,) f,(x,)xd6% x(0%

Three main approaches are used to describe direct charmonium production in pp

Color Evaporation Model (CEM):

production cross section of a given charmonium is proportional to the cc cross
section, integrated between the mass of the charmonium and twice the mass of
the lightest D meson. Proportionality factor is independent of y, p_and Vs

Color Singlet model (CSM).

pPQCD is used to describe the cc production with the same quantum numbers
(CS) as the final-state meson. The hadronization term becomes simpler and is
calculated using lattice QCD

Non-Relativistic QCD (NRQCD):

Both CS and CO state of the cc pairs are considered. The relative contribution of
the states is parametrized using a finite set of universal long distance matrix
elements (LDME), fitted to a subset of the data (e.g. Tevatron)

13
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Models

do = f,(x,) f,(x,)xd6% x(0%

Three main approaches are used to describe direct charmonium production in pp

* Color Evaporation Model (CEM):
production cross section of a given charmonium is proportional to the cc cross
section, integrated between the mass of the charmonium and twice the mass of
the lightest D meson. Proportionality factor is independent of y, p_and Vs

* Color Singlet model (CSM):
pQCD is used to describe the cc production with the same quantum numbers
(CS) as the final-state meson. The hadronization term becomes simpler and is
calculated using lattice QCD

* Non-Relativistic QCD (NRQCD):
Both CS and CO state of the cc pairs are considered. The relative contribution of
the states is parametrized using a finite set of universal long distance matrix
elements (LDME), fitted to a subset of the data (e.g. Tevatron)

Non-prompt contribution corresponds to the production of b-hadrons. Can be

calculated with pQCD, e.g. within FONLL 15



Inclusive results compared to NRQCD
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Models properly account for higher mass resonance decays

At low p_, NRQCD is coupled to a CGC description of the proton:

In this region the contribution from non prompt is small (<10%) and the CGC+NRQCD
calculation reproduces the data well.

At high p_, non-prompt J/{) constitute a sizable contribution to the inclusive cross
section Eur. Phys. J. C 77 (2017) 392 16



Inclusive results compared to NRQCD
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Right Fig.: Summed NRQCD and FONLL calculations assuming fully uncorrelated
uncertainties.

Agreement with the data over the full p_range and 5 orders of magnitude in o

Eur. Phys. J. C 77 (2017) 392 17



Data at all energies vs p_ compared to NRQCD

ALICE

Extensive data-theory
comparisons done at all
energies available at the

LHC so far.

Good agreement between

the model and the data is
observed for all measured
cross sections, for both

JIY and P(2S)
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Data at all energies vs y compared to NRQCD @
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ALICE

J/Y production in p-Pb collisions at \/SNN: 8.16 TeV
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J/Y production in p-Pb at \/SNN: 8.16 TeV

ALICE

Two colliding beam configurations: p-Pb and Pb-p, 2.5<y , <4

-4.46<y,s<-2.96 2.03<ys<3.53

1.1 x10” < x <5 x10® (p-going) p-Pb L ~8.7 nb™
7.3 x10°< x <3.3 x10™ (Pb-going) Pb-p L ~12.9 nb™
int )
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J/Y production in p-Pb at x/sNN: 8.16 TeV

ALICE

Ropy VSY p_ extended from 7 to 20 GeV/c from
previous RUN1 result (JHEP 02
(2014) 073)
g 141 ALIGE Praiiminars Agreement between data and
RPN Inclusive JAY — ik, p-Pb VS = 8.16 ToV models within the current

experimental and theoretical
uncertainties.

0.6 N EPS09NLO + CEM (R. Vogt) HE]

A  pdf modifications
OO0 cocr cnues vy » Color glass condensate
02 oo o st . gt * Energy loss
oL I b o Final state effects:
Yams e Transport: thermal rate eq. with
continuous J/Y dissociation and
regeneration

« Comovers: J/Y dissociated via
Interactions with partons

1.1 x10®° < x <5 x10”° (p-going)

7.3 x10%< x <3.3 x10™ (Pb-going) CERN-ALICE-PUBLIC-2017-001 22



J/Y production in p-Pb at x/sNN: 8.16 TeV

ALICE

pPb pT
a 2.2r i backward-y
o oL ALICE preliminary
F Inclusive Jiy — prp’
1.8 p-Pbys, =8.16TeV,-446<y _<-2.96
1.6
1.4F
12p g F ik
eSS 1
0.8F
0.6
04F [ ] EPSO9NLO + CEM (R. Vogt)
0.2 F nCTEQ15 (J. Lansberg et al)
HEE — Transport (hot + cold effects) (P. Zhuang et al.)
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T CGC + NRQCD (R. Venugopalan et al.)
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T ! ! l—Transport(hot+c?ld eﬂeclts) (P. Zrl'luange} al.)
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O 2 4 6 8 10 12 14 16 18 20
) p_ (GeV/c)
1.1 x10° < x <5 x10” (p-going) T

7.3 x10°< x <3.3 x10? (Pb-going)

p. extended from 7 to 20 GeV/c from

previous RUN1 result (JHEP 02
(2014) 073)

Agreement between data and
models within the current
experimental and theoretical
uncertainties.

« pdf modifications

« Color glass condensate
* Energy loss

* Final state effects:

e Transport: thermal rate eq. with
continuous J/Y dissociation and
regeneration

« Comovers: J/Y dissociated via
Interactions with partons
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New: J/y Qppb as a function of centrality class at \/SNN:8.16 Te

ALICE
Forward rapidity: Backward rapidity:
Larger suppression observed with Less suppression observed with
larger N_| larger N_|
52 F N1 LT S T, O I JO0 W, ST, L O W WO LI IO, LT - TR ! Tt Dt b e b oo Ml g ek s e
EOQ1 Al ALICE 7 EOQ1 4w “AICE 0
[ Inclusive J/y — p'p,2.03<y <353 ] [ Inclusive J/y — p'p, 446 <y <-2.96 ]
12F . 12F o .
_ : 0 g
o it s e e I o Bis i o o e = l
0.8F = . 0.8F % 0 .
: o f z m ; X o ;
0.6F =l g 3 0.6F .
0.4F . 0.4F ]
i ® p—Pb | s,,=8.16 TeV (preliminary) . i ® p-Pb | s, =8.16 TeV (preliminary) ]
02k m P-PD | = 5:02 TeV (JHEP 11 (2015) 127) ] 0.2 m p-Pb | 5,,= 5.02 TeV (JHEP 11 (2015) 127)
0- P ] RO ] 0 e P S SR S] ey O— PO T 1 [ TR S G| it A U (N GOt Tt AN LN O ek S B G (N T [ W
0 2 4 6 8 10 2 14 0 2 4 6 8 10 12 14
<Ncoll > <Ncr::)lljl t>

Results compatible with those measured by ALICE at \/sNN: 5.02 TeV

JHEP 11 (2015) 127
CERN-ALICE-PUBLIC-2017-007

PRC91 (2015) 064905 (Centrality determination) 5
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Summary

ALICE

Inclusive J/P and Y(2S) production in pp collisions at several Vs
J/IY: the results are consistent between ALICE and LHCb.

P(2S): ALICE is the only measurement available at Vs =13 TeV down to p. =0

Data can be well reproduced
- atlow p_by a model that couples a CGC description of the proton to NRQCD

- atintermediate and high-p_ by NRQCD calculations (and FONLL for the non-prompt
contributions)

Inclusive J/Y production in p-Pb collisions at \/sNN = 8.16 TeV

Larger suppression observed in more central collisions at forward rapidity, opposite trend observed
at backward rapidity

Centrality integrated results are compatible with several models that include cold nuclear matter
effects as well as final state interactions, within uncertainties

Results are compatible with those measured by ALICE at \/SNN:5.02 TeV.
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ALICE

Extras
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Data analysis

ALICE
Quarkonia are measured using fits to the Central rapidity
invariant mass distribution of u'y’ pairs E - oosieSgn | ALICE Preminay
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Outlook %

ALICE

Inclusive J/Y at Vs =13TeV shows a large contribution from non-prompt J/{ to the
inclusive cross sections observed for high p_

Today it is impossible at ALICE to separate prompt J/g from the non-prompt coming
from B-mesons decays.

The Muon Forward Tracker (MFT) will allow (among other things) to separate prompt
and non prompt J/, but also to improve the precision of J/P and (2S)
measurements, to measure separately D and B mesons, etc.
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Comparison to lower energy: Y(2S) vs p_

ALICE

inclusive J/Y
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For Y(2S) ALICE measurements
available at vs = 7, 8 and 13 TeV
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Comparison to lower energy: J/Y and Y(2S) vs y

Vs =13 TeV ArXiv:1702.00557

For J/y, no visible change in the y distribution

For Y(2S), large uncertainties prevent firm conclusions

30
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Particle ratios, energy dependence

ALICE
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No visible Vs dependence of the p_-differential Y(25)-to-J/y ratio

No clear trend either vs rapidity
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Mean p_energy dependence

ALICE
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<p_> is measured using fits to the p_ distributions.
A steady increase of <p_> with increasing Vs.
Consistent with the expected hardening of the of the J/y and Y(2S) p_ distributions.

Values at mid- are systematically larger than at forward-rapidity.

Could be attributed to an increase in the longitudinal momentum at forward-rapidity

leaving less energy available in the transverse plane. 39



Inclusive results compared to NRQCD

ALICE
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NRQCD (right) Ma, Wang and Chao, PRL 106 (2011) 042002
NRQCD+CGC Ma and Venugopalan, PRL 113 (2014) 192301
FONLL Cacciari et al., JHEP 1210 (2012) 137

All models properly account for higher mass resonance decays

NRQCD models differ in the set of LRME that is used, the p_at which fits are performed
and the datasets considered.

At low p_ (right), NRQCD is coupled to a CGC description of the proton

Predictions are quite different at high p_, but in both cases, non-prompt J/y

constitute a sizable contribution to the inclusive cross section 33



Inclusive results compared to NRQCD

ALICE

ol(dp_dy) (ub/(GeV/c)

Summed NRQCD and FONLL calculations assuming fully uncorrelated
uncertainties.
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Agreement to the data is much improved, already at intermediate p_ and especially
for the calculation from Ma et al.

Note that the calculations are completely independent, and that there was no data at
this energy, this rapidity and at such high p_ before
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Same conclusions as for the J/ case
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Rapidity distributions

ALICE

do/dy (ub)

Since the NRQCD+CGC calculation goes down to pT = 0, it can be compared to our

pT-integrated data vs rapidity
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Agreement to the data is reasonable

The only other calculation that provides p_-integrated rapidity distributions is

CSM@LO, with significantly larger uncertainties (see ALICE (7TeV) EPJC 74 (2014) 2974
and backups) 36



do/dy as a function of Vs

ALICE
inclusive J/Y
Steady increase of do/dy as a function  ~ 10+
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Particle ratio, comparison to NRQCD

ALICE

Many systematic uncertainties cancel in the particle ratio, for both data and theory
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Both calculations follow the same trend but have very different uncertainties. This was
already the case at Vs = 7 TeV (see ALICE EPJC 74 (2014) 2974)

Calculation from Y-Q Ma et al. tends to overestimate the {(2S)-to-J/Y ratio

Contributions from non-prompt J/Y and Q(2S) have little impact here because they
enter both the numerator and denominator, with a similar (small) magnitude
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Data at all energies vs p_ compared to NRQCD @

ALICE

Extensive data-theory
comparisons done at all
energies available at the LHC
so far.

Good agreement between the
model and the data is
observed for all measured
Cross sections, for both

J/Y and P(2S)

For P(2S)-to-J/P cross section
ratios the model tends to be
slightly above the data
especially at Vs =13 TeV.

This tension appears mainly
because of the error
cancellation between the
uncertainties on the J/{ and
P(2S) cross sections.
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ALICE

J/Y polarization and n_
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J/Y polarization

ALICE

J/P (spin 1) alignment analyzed via the angular distribution of the
decay products vs polar (6) and azimuthal (¢) angles:

W (0, d) o (1+ Ay €0s” @+ A, sin” € cos 2¢ + A, sin 26 cos gﬁ)

3+ 4,
(1+ A, cos’ 9)

Integrating over ¢: W (cos @) oc
3+ 4,

24
Integrating over cosb: W (¢@) oc 1+ ’_cos 2¢
3+ 4,

Typically: measure quarkonium corrected yields in bins of cos6, ¢ and p_, perform
a simultaneous fit using functions above to extract 7‘9 and kq)
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J/Y polarization ®

ALICE
J/P spin alignment analyzed via the angular distribution of
the decay products in the helicity frame

1 HX frame PRL 108 (2012) 082001
. PLB 727 (2013) 382
1__ Jf’l.p ¥ IP[ZS) EPJC 73 (2013) 2631

EPJC 74 (2014) 2872
" n.s—: = f{‘x | {
1 - .... + . - "--i-“".‘“‘{

—&— w(28) CMS, lyl < 0.8 —— iy CMS, Iyl <06

—S5— w25 CME. 08 <yl <12 —a— Ny CMS 08<Iyl<1.2
= —— S CMES, 12 <clyl<c 18 —l— Ny ALICE 28 <y<d.0
1 —f— (28) LHCh, 20 y< 28 —+— My LHCh 20«<y <28
—— 28 LHCH, 28 <y <30 —%— JwLHCh 28<y <30

"1__ —4— {25) LHCh, 3.0 <y <38 —+— Jy LHCh, 30<y <35
- —4— »i(28) LHChb, A8 <cy<dD —+— Wy LHCh A8<y<dl
T wi25) LHCb, 4 0<y=<48 —— Wy LHCh 40<y<45
—r—r—— T T T T T T T T
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p_ [GeV]

Agreement between CMS, LHCb and ALICE, consistent with zero polarization within

the (large) experimental uncertainties
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LHCb’s n_measurements

ALICE

n.(1S) mesons reconstructed via the ppbar final decay channel.
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What about model comparisons?

Butenschdn,

Kniehi:
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Gong, Wan,
J.={. Wang,

H.-F. Zhang:

Chao, Ma, Shao,

K. Wang,

Y.-J. Zhang:

0, " ('5)

PP

yleld:

pp polarization: nc production:

0,068 Gel™
0% ('%,)) = 0.003 GeV®
05 (%R = 0.0126 Gev®

Figure from KNIEHL B. Quarkonium 2016 VA, USA
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https://indico.hep.pnnl.gov/event/0/session/6/contribution/14/material/slides/0.pdf

do/dy as a function of Vs

ALICE

inclusive J/Y

inclusive P(2S)
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Centrality Determination &,

ALICE
- E EERAA W, Y
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Lum_ 71 VO signal is proportional to the number of wounded Pb (target)
. | nucleons s approach assumes thatthe (N “®=N_ -1=N_).
0 § § g 3 The average number of collisions for a given centrality, selected
ol L e with the ZNA, is then given by scaling the minimum bias value of

VoA (Po-side) amplitude (arb. units) - N with the ratio of the average raw signal of the innermost ring
of the VOA

ALICE, Phys. Rev. C 91 (2015) 064905
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J/Y production in p-Pb at x/sNN: 8.16 TeV

ALICE

Rppb Double ratio of results \/SNN: 8.16 to 5.02 TeV ( JHEP 11 (2015) 127)
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Consistent with unity within the experimental errors
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