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Charmonia in p+p collisions

- Quarkonium Production mechanism in
elementary collisions is not fully understood " |
. . . coour—swlgletstatek/\ ed
> Color singlet vs color octet intermediate state s ’\\w
A
A
- Different models on the market: M
v Color Singlet Model
 Color Evaporation Model * analogous colour
- NRQCD approach - applicable at high p, oo
. ossibly colored QQ red quarkonium (H
v +NR D - || | t I W Ijalirc: any possible 35 :
CGC QC app Cab < d 0 pT ﬂ‘-.; qﬂant\LE‘] nuswlbers""""---.?%f \ anti

> Quarkonium measurements -
tests of different production \. 2 non-perturbative
models, help to understand QCD 1 perturbative phase e observed bound state

Quantum numbers change!

- Feed-down
Inclusive J/p production:

> prompt J/w
> direct J/y (~60%), feed down from g(2S) (~10%) and xc (~30%) decays
> non-prompt J/w: B-mesons feed-down (10-25% at 4-12 GeV/c, STAR: Phys. Lett. B722 (2013) 55)
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J/¥Y p_spectrum in p+p 200 GeV

* Test of different production models

g ¢ NNLO* €S, direct production,
p+p — JIy+X, Vs =200 GeV - misses high-pr part

e STAR 2009 EMC
v STAR 2009 MB

| 3 ﬁhﬁ

v CEM, prompt production, can
reasonably well describe the

P, spectra
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direct NNLO CS: PArtoisenet et al., Phys. Rev. Lett. 101, 152001 (2008) and J.P.Lansberg private communication
NLO CS+CO: Y.-Q.Ma, K.Wang, and K.T.Chao, Phys. Rev. D 84, 51 114001 (2011) and private communication

CEM: A.D. Frawley, T Ulirich, R. Vogt, Pys. Rept. 462 (2008) 125, and R.Vogt private communication

3 § P (GeV/c)

S 104L inclusive J/y

S = production v NLO NRQOCD, prompt

10°L production, describes the data
- --- CEM for p. > 4 GeV/c

48 - [ldirect NNLO* CS

10°}E--- direct NLO CS+CO =

32 - — prompt NLO CS+CO -

2% 10-?I _| L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | | |

0 2 4 6 8 10 12 14
p. (GeVic)

STAR EMC : Phys. Lett. B 722 (2013) 55
STAR MB: Acta Phys. Polonica B Vol.5, No 2 (2012), 543
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J/¥Y p_spectrum in p+p 200 GeV

* Test of different production models
v NNLO* CS, direct production,

misses high-pr part
: CGC+NRQCD E
105 L V'S =0.2 TeV for RHIC NLO NRQCD ] _
/S =7 TeV for LHC oo ficho<y<ss 3 v CEM, prompt production, can
o Auco¥oo 3 reasonably well describe the
ATLAS. Jy|<0.75 -
~ ¥ 0.2xLHCb,2<y<4.5 5 pr spectra
6 . (. 1xPHENIX, I'I.I-:El 33 E . ,
= 0.1xSTAR,|y|<1 - o=
5 t 0.01xPHENIX.1.2<|y|<2.2 3 ..g LU
3 g f T
— 'T' = -+
= e £
B e ]
N —E— J
e = — E
s v NLO NRQCD, prompt
: production, describes the data
: for pr > 4 GeV/c
|E| ] ] ] ]

>0 B0 CGC + NRQCD, describes the
p(GeV) )
data in the full p,range

Phys. Rev. Lett. 113 (2014) 192301
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J/¥ production in p+p 500 GeV

High-p J/y Low-p. J/y accessible via dimuon
JY — e’ e channel, thanks to MTD
>
p+p @ 500 GeV * special dimuon trigger - two hits
‘16.. 10.1;_ D'; e STAR J/y—e'e), |y|<1 in MTD
E E D.;”m NLO NRQCD: prompt J/ v
2102F X J - g
~ F -
%:_ — E.f.: %300_— Run13 p+p @ 500 GeV
!9- 107 = 4 8 | »,, ~0Gevic ~+- Unlike-sign pairs
a_.E ; % - 250 Jho + — Fit signal+bkg
o -
10 i d -
g- - :*:. 200 —
(%) I~ B
S ook 1 :
m 10 = STAR Preliminary S d 150 —
-6 :I | | | 1 11 | | 11 | 1 11 | 1 11 | | 11 | | 11 | | 11 | 1 11 | [ | 100:_+ ++ +
% 24 6 8 10 12 14 16 18 20 22  GTAR preliminars :
PT(GEWC) S0 e e e e e e L
. 25 26 27 28 29 3 31 32 33 34 2:,3.5
v NLO NRQCD describes the Mo (GeVic’
data well for pr > 4 GeV/c
NLO NRQCD:

Phys.Rev.Lett. 106 (2011) 042002, Phys Rev. D84 (2011)
114001, JHEP 1505 (2015) 103
And private communication

July 10, 2015 Barbara Trzeciak, SQM 2015 6



J/¥ x_ scaling

e

o
-
=J

& = —
E E - [ | ® STAR p+p 500GeV, this analysis XT — ZPTX\/S
> 10 ™= O STAR p+p 200GeV, PLB722, 56 2
24 g o B UA1 p+P 630GeV, PLB256, 112 77 dGI;T Iy = g(xt)/(J/s)"
31015;_ , ™ CDFp+P1.96TeV, PRD71, 032001
> = ]
5 = B
%Fm”;— :.hc.z‘ v pT > 5 GEV/C ~ J/LlJ
- = .
g _ production follows the x.
s 10°F o % scaling of cross-section at
2 . mid-rapidity, with n ~ 5.6
P 107 E . (Phys. Rev. C 80, 041902 (2009))
B g
10" ”"'ﬁz
10"*3— %4 > X, scaling breaking -
S J .
x transition from hard to
10° 3 STAR Preliminary soft process
1085 L | | 1 TS Q
10 107
xT:sz’(\E n - number of constituents taking an

active role in hadron production
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W(2S) in p+p 500 GeV

* Constrain y(2S) feed-down contribution to inclusive J/y
production

E{ 0.08— © HERA-B (e channel ), 42GeV, EPJC49, 545
g C O HERA-B (i channel), 42GeV, EPJC49, 545
20.07 — PHENIX, 200GeV, PRD85, 092004
Q — A CDF,1.8TeV, PRL79, 572
"Nti‘ 0.06 — @ STAR500GeV, this analysis
2 F A
-8? 0.05 -
S 0.04—
@ u . ] ® ‘
0.03 ;— T IS Wll '
- ilg 1
0.02 — ’JL ) { [}:: |
g 09 g 50 ]
-G [ € ? P4 1 o
0.011 STAR Preliminary
Y =PI IR EPINUPIT IFUPIPEP I PP PP NI B
0 1 2 3 4 5 6 7 8 9
p, (GeVic)

v/ First measurement of (¢(2S) /J/p) ratio in p+p at 500 GeV
> Consistent with other experiments
> No collision energy dependence observed
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J/¥ production vs. event activity

> Correlation between relative J/y yield and relative event multiplicify

> At higher multiplicities stronger than linear growth at p. > 4 GeV/c

* Similar trend at LHC for J/y and open charm production
 Hint of p,dependence

A 10
3| 2 | STAR p+p @ 500 GeV
< |Z o .-
- Jdly—uty prT,‘”qj >0 GeV/c
8 E_ o Jy—e'e,4< Py < 8 GeV/c E+:I
7 ;_ mJy—ete, PT,an > 8 GeV/c
61
3 ;_ STAR preliminary E+:'
4
2:_ .----’_._.-"'f-
E i | +J|f5% one-sided error along both x- and y- direction
% os 1 15 2 25 3 35 4
TofMult
T TofMul
TofMult - Multiplicity of TOF < Toriult>

matched tracks, |n| < 0.9
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> Correlation between relative J/y yield and relative event multiplicify

> At higher multiplicities stronger than linear growth at p. > 4 GeV/c

A
=4
Z12

g - p+p collisions @ 500 GeV
- x STAR: J/y—u*y', |y|<0.5, p_>0 GeV/c
_ x STAR: J/y—e'e, |y|<1, P >4 GeV/c

10~ PYTHIAS8.183 default: p >0 GeV/c

— . PYTHIA8.183 default: p ::-4 GeV/c

g/~ — Percolation model: p ::-0 GeV/c

s STAR preliminary
2— § .._'-'*ff """""

— Cuat A‘ S TAR data points

- # R +15% one-sided error along both x- and y- direction
Lzt ||||||||||||||||||r|||| ||||6ﬁ|||| L1l

b 05 1 15 2 25 3 35 4 45
Event activity

> Possible explanations:

* Multiple parton-parton
interactions - PYTHIA 8
> Default Pythia tune, p,
dependence
* String screening - percolation
model - guadratic dependence at
high multiplicities
> PRC 86 (2012) 034903, and
private communication
* Hadronic activity associated
with J/y production

« PYTHIA 8 and Percolation model can qualitatively
describe the observed increase
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J/V polarization

> Further constraints for J/y production models

> Different production mechanisms in competing theoretical
approaches lead to different expected polarization

J/y polarization can be analyzed via the angular distribution of the
decay lepton pair
| _ do

! d(cosf)dep

A = e, s e —

o< 1+ A\gcos0 + Nggsin(20)cosp + Nysin*Ocos(2¢)

z

v 0 - polar angle between momentum of a positive
lepton in the J/ys rest frame and the polarization axis z
v @ - corresponding azimuthal angle

quarkonium
rest frame

production

plane \

Polarization z axis:

* Helicity (HX) frame: along the J/{y momentum in
the center of mass frame

* Collins-Soper (CS) frame: bisector of the angle
formed by one beam direction and the opposite
direction of the other beam in the J/ys rest frame

July 10, 2015 Barbara Trzeciak, SQM 2015 11



Polarization parameters

> The angular distribution, integrated over
azimuthal angle: polar angle:

W (cosB)oc1+A,cos’ O

W(p)ocl+ 2 Ccos2 @
3+ A,

* Frame invariant quantity:

transverse polarization - longitudinal polarization ™.
N\ -. T it |

T 1"1.5 =-]
"Ilﬁ =+1 . > Acp =0 +
tx A, =0 | 7\.“ :7\9 37\'(9
inv
1—A
| I:‘ @
! A = 41 Ag==1/3 1\ _ 2\ Good cross-check of
As=+1/5 / TVMinv T w N A=-B S - =-1 " measurements
\ \ A, =+1/5 | performed in
| | different frames
1 Ag = +1
A, =-1/3 -
! Jz — i]_ Q ) A‘ﬂ 1 J. Jz — O

P. Faccioli, CERN, April 23th 2013

P. Faccioli, et al., Eur. Phys. ). C 69, 657 (2010)

Any arbitrary choice of the
experimental observation frame will
give the same value of this quantity
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J/¥ polarization in p+p 200 GeV

> First J/y polarization measurement at STAR

v/ Ae parameter measured in the HX frame, 2 < pr < 6 GeV/c

@ 1 |+ rrrrrrort I I I I 1 I 1 ] I I I 1 1 1 I I I 1 1 1 L
< o8fPP Jiy+X %  STAR data, |y|<1 E
- 3 "L Vs =200 GeV e  PHENIX data, |y|<0.35 ]
588 0.6} |y|<1 [ com —
288 - —— — CSM-direct NLO® S
SR 0.4 0004 CSM - direct NLO™ + approx
g& S35 0.2 - . Feed-down -
NS 2= %%% %2700 0000 —
: SR :
O R R S B B 0
325 - KPR AR XX XL XS XX IO HSTSTIEEmEs
2yt e -0.21 GRS R S I S S S I SIER o< <, X KKK
T 0L - XXX X PERRIERIERIERIEIIEIR 5 X XK IR ]
g5 == -0.4 28 GO g 2 000 0%%Y —
T wn c - -
o OO0 © — -
-0.6— ! =
- _-0.16*pT+0.18 3
-0.8F ici =
C helicity frame xzfnldfi 1 '5/4| - E

- [ 1 I 1 1 1 [ | I 1 1 1 1 1 [ | 1 1 1 1 1 1
b 1 2 3 5 6
P, (GeV/c)

Phys.Lett. B739 (2014) 180

v+ RHIC data indicate trend towards longitudinal polarization

with increasing pr
v The result is consisten

t with NLO+* CSM
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J/¥ polarization in p+p 500 GeV

Ao parameter in HX frame

o IF——————— LI B L BRI L IR
< 0.8f PP = JIWHX v ohR 4 500 Gev, [yl =
0.6 ;_hellcity frame x  sraRruy 200 Gev, lyi<t E
0.4 ;_ u PHENIX J/v 200 GeV, |y|<0.35 _;
0.2F% =
., e ik =
025 oF E
047 L S
L R R
-0.8— y —
F STARPreliminaly | T

2 4 6 8 10 12 14 16
pT(GeWc)

v Similar trend observed in 500 and 200 GeV p+p collisions
- Measurement extended to higher p_.range, 5 < pr < 16 GeV/c
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J/VW polarization in p+p 500 GeV

Ao parameter in HX frame data vs NLO NRQCD
predlctlon for prompt J/\|I

Lv)
—l.

@ 1 | T I I I I I I I I I I I I I 1 I I

< 0.8f PP —>Jy+X oy o Jhy 500 GeV, [yl<1 0.8F p+p —>J!q;+x

¥ STAR J/y 500 GeV, |y|<1 =
0.6 _hellcny frame -

0.6 ;_hellcity frame x  graRuny 200 Gev, |yl<t E =
0.4 ;_ u PHENIX J/y 200 GeV, |y|<0.35 _; 0.4 ;_ // NLO NRQCD, prompt J/y
0.2 4 = 0.2F
., e ik = oF
-0.2;— | % —; -0.2;—
-0.4F- ; % + ) - -0.4F-
-0.61 + | + — -0.61
0.8 . —; -0.8 ;—

-0
_|

STAR Preliminaty ., . ... .0, ..
2 4 6 8 10 12

1
h—b

p. (GeVic) p. (GeV/c)
v Similar trend observed in 500 and 200 GeV p+p collisions

- Measurement extended to higher p_.range, 5 < pr < 16 GeV/c

- Data can help to constrain color-octet Long-Distance Matrix
Elements

NLO NRQCD:

Phys. Rev. Lett. 108 (2012) 242004, Phys.Rev. D90 (2014) 1, 014002, Phys.Rev.Lett 112
(2014) 18, JHEP 1505 (2015) 103

And private communication
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x.dependence of A

Ao parameter in HX frame

m 1 o rrrrrer I | | | | I | 1 | | I | 1 | 1 I 1 | | 1 I | | _
< n STAR J/y 500 GeV, |y|<1
0.8 p+p — J/y+X i STAR J/y 200 GeV, |y|<1
- n PHENIX J/y 200 GeV, |y|<0.35
0.6 helicity frame e  CDF 1960 GeV, |y|<0.8
~ o CMS 7000 GeV, |y|<0.6
04— % O LHCb 7000 GeV, 2<y<2.5
- . ALICE 7000 GeV, 2.5<y<4
0.2

0|
-0.2
-0.4
-0.6
-0.8

III|III]III|III|III|III|III|III|III|II

- STAR Fl'n's'.-liminarlyr

b 001 002 003 004 005

o
o
o+

>
—

» Common trend towards strong negative values with
iIncreasing X
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A and A. parameters, HX frame

o I LA L L L L o LR B LI AL BN
< 0.85 p+p — Jiy+X _f CQEO.BE p+p — Jiy+X _f
0.6ESTAR J/y 500 GeV P = 0.6ESTAR J/y 500 GeV P =
0.4F = 0.4F =
0.2F = 0.2F -
0:_ ......... NpeRRReeEEEeeeeeeessssmmeeseeseesseeessssssssssseeeeeeeeessssessssssssesesseesseessssssssnes _: 0:_ ......................................................................................................... _:
0zt 3 e v
045 +t E 04 | JF e =
052 = t s e T :
0.8 = 0.8} E
_1:SITII\.RI Preliminary | | 7 _1:SITII\RI Prelimipary 2
o A 4 6 8 10 12 14 16
< 0.8E PP = X 3 P, (GeVic)
O.GE—STAR J/y 500 GeV ¥ xrame _; ) NO ctron . h |
0.4F- 3 g azimutha
0.2 E anisotropy observed in the HX
oF- =
02f E frame
g:‘ E v Negative values of the frame
0s8E E invariant A, parameter
~ SITII&RI Pqelilmilnalryl L -
i 6 § 10 12 1

6 » Trend towards longitudinal
polarization with increasing pr

—i-c_n
—_rp
G
® |
<

L p)

p——
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> 1 lllllll I I I I I I I I I I I I I I I I

< o.gE PP — Jy+X 3 Sogppe o dvex E
0.6ESTAR J/y 500 G ¥ HXframe = 0.6ESTAR J/y 500 GeV ¥ HXframe =
0.45- j[v*- ¥ Csframe = 0.45- - CSframe =
0.2 = 02F =
0;_ ......... e _; 0;_ .......... e _;
0.2F = 0.2 ¥ i =
045 : E 04z | % 1 X =
-0.6] + = 0.6 I | =
3 E PY i E
-O-izSITI}RIP;eIiImiInaIryI o | . . | - O-BESITII\RIPquiImiInaIryI P .E
R — N S g 6 8 10 12 1416
< 0.8; p+p — J/y+X _; pT (GeVic)
0.6ESTAR J/y 500 GeV ¥ HXframe = .
0.45 X cSframe E v Different values of the Ags and
0.25- e i E A, polarization parameters in
ool E the CS frame
g:— ,%_ I E ~ Frame invariant parameters,
ot 1 E A ., consistent in both frames
~ SITII&RI Pqelilmilnalryl L | -
g 6 8 10 12 16

—i-c_n
—
G
® |
<

L p)
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Summary

v J/y p, spectra at s =200 and 500 GeV described well by NRQCD
prediction

v Increase of relative J/\y yield with relative charged-particle multiplicity in
p+p at Vs =500 GeV

> Stronger than linear rise at higher multiplicities at p,. > 4 GeV/c

> PYTHIAS and Percolation model can qualitatively describe the
observed increase

. Longitudinal J/y polarization in HX frame at Vs = 200 and 500 GeV

> No strong azimuthal anisotropy observed

> X dependence of Ae observed

> Different values of the Ae and A, polarization parameters in CS frame

> Frame invariant parameters agree in both frames

Czech Technical University in Prague
Faculty of Nuclear Science and Physical Engineering

Project ,, Support of inter-sectoral mobility and quality enhancement of research teams at Czech Technical University in Prague
CZ.1.07/2.3.00/30.0034
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J/¥ production mechanism - CSM

- Comparison of CSM to RHIC data

— 1 00 ' T ¥ T Y T — ¥ T - . 3 ! :
- _ PHENIX data with F§°%'= 59 +/- 10 % =
O - STAR data with F3'®%'= 59 +/- 10 % =
o) 10 FogiiiTTEE b
£ : 113
| —
5 40
x %
m .
™
T 0.1 ¢
e
>,
T 0.01 ¢
— ]
o " m_= 1.5 +/- 0.1 GeV
o " (e ig)= My x [(0.75,0.75),(1,1).(1,2).(2.1).(2.2)]
E 0001 FFnrHMLG" 225 <8 < 9.00 GeV*

0 2 4 6 8
P+ (GeV)

(a) central
J.P. Lansberg, Phys.Lett.B 695 (2011) 149
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I/VY production mechanism - NRQCD

Each color single

t and octet term has a specific polarization associated

do/dp(pp—Jiy+X) x B(Jy—up) [nb/GeV]

. CDF data

Ay =+1atLO to A, = -1 at NLO
tiny fraction of the total cross section

octet 1S, — Ay =0 at LO, NLO

octet 35, — )\, = +1 at LO, NLO at high p;

octet 3P, — Ag>> +1latNLO atLOitis O

Dominance of the S, and °P, octet terms

— Ag = +1,

TeV
for high-p; S-wave quarkonia

C. Lourenco et al., Hard Probes 2013

[ I [l [ [ I [ [ [l I [ [
8 10 12 14 16 18 20
pT [GEV] Color-octet contributions have
fixed shape but adjustable
normalizations (LDMESs)
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J/¥ production vs. event activity

v Correlation between relative J/y yield and relative event
multiplicity

v At higher multiplicities stronger than linear growth

* Similar trend at LHC for J/yw and open charm production
 Hint of p.dependence

zﬂ%z B p+p collisions

V| x STARS500 GeV: J/y—p*y, |y|<0.5, p,>0 GeV/c
¥ STAR 500 GeV: J/y—e*e), |y|<1, p,>4 GeV/c

101~ ) ALICE 7 TeV: J/y—e’e;, |y|<0.9, p_>0 GeV/c

— @ ALICE 7 TeV: D meason, |y|<0.5, 2<p_<4 GeV/c +

-.,_5
]
Z

STAR preliminary
q:.

=~==|$| —
m' STAR data points
. 2l 15% ided long both d y- directi
0 -|'1Tﬁ Ll |+| | |G|nf|s |e| lerrorrzfnltg |ﬂ| |-r|ﬁn| 'T-| I|r6|w|n| |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Event activity
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J/V¥ production vs. event activity, LHC

~~ T IR R R L I I S L A I LS LU R I I UL I TS —LL S I I UL UL IR
> |> 10 7E 18 + 2.76 TeV 19 7 2.76 TeV E
o |O ALICE pp (s = 7 TeV - pp fs =276 ToV 5 18 7 e is- 18 7 <o is- ]
> > L of ® pPb S = 5.02 TeV E {%' oF B pPb |5, = 5.02 TeV E {% P pPb |5, = 5.02 TeV E
Z’|Zz° | mIvopw(@5<y<d) -« PbPb o278 TeV 12 ¢ | 12 |
o2 o Jy eyl <0.9) e o o 1% S ;
_ TS P B 1 s |
i EX(1S) e o1 FTES) | 4 FTES) | |
Normalization uncert.: 1.5% af o S 1 & af I [y 3 al_ | I ]
- )i 2 CMS - e CMS : e CMS :
i @ F {_.c"' Yol € 193 7 = ¥, ] < 1:93 F A Yoy < 1:93 7
n-f'ﬁ'l“l'll|||||||||||||||||||||||||||||||||||| ﬂ-flF|I||||I||||||||||III|IIII|IIII|IIII|III %-flII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III-
@ 0 0.5 1 15 2 25 3 35 4 (1] 0.5 1 1.5 2 25 3 35 4
B m A |1I|‘fz‘l|;{ ::; ”h||<z4f{| Ich l}mm " 2. 4Jr{ Nh.|<24 .m.

i g "‘“i_zo-' T T T L L T T [ [ [ i

& | . | 8 - ALICE : + - Percolation, p_>0 ; E

0 2 4 < 18 ppis=7TeV H + - .EPOS 3.099 ; =

T 4 # D meson ; 1 _EPOS3.099+Hydo N ,° ]

dN f‘/dn = L B feed-down and normalization i + ..PYTHIAB.157 I E

C Qb 14 uncertainties not shown _ I L/ E

~— C I I ; ]

<dN /d']) ~ 12 K i il ¥ -

ch — F ; T 0 1

A %Fm:— = i E

i 10 |- -:S‘ 8:_ ",‘ _::_ ",r _:

g : S e A 3 P E
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£+ model -y I R E
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°r =, 18 i - E ;

O qef + £

S 14l Ed E

~ T2p - E E

10 i x $ 4 3

| i P - o

O 6f S wm =+ A"g .
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B -> /¥ fraction in p+p 200 GeV

251 200 GeV p+p py¥ > 5 GeV/c

PYTHIA 8.108 P> 0.5 GeVic
- - - Prompt Jwy

----- BoJhy+ X
Sum

N
I

v Measurement based on
azimuthal angular
correlations between high-
P, J/w and charged hadrons

—
o
I

(1/Nyny) dNgh/d A
[

o
o wn
[
lE
1 ?*1 |
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tracking,
PID: dE/dx

~BEMC - PID: E/p  ~ TOF - limEyg
trigger on electron resolution <1U
high-p_ J/v PID: 1/B
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