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Quarkonia in p+p collisions

- Quarkonium Production mechanism in

colour—smgletstatek/“\

elementary collisions is not fully understood =1 ) kio
> Color singlet vs color octet intermediate state M"-A---

- Different models on the market:

v CO|OF Slng|6t MOdeI +anz!og?uscolour
v Color Evaporation Model

h I _ bl h _ h possibly colored QQ red Nquarkonium (H)
- pair of any possible *_ :
- NRQCD approach - applicable at high p; pretameoesbe ° =, S
. : re
« CGC+NRQCD - applicable at low p. . 0 2 N
\ o anti e
X Z blue
> - -~ 2) non-perturbative
Feed-down 1-pertur
i i . * to the observed bound state
Inclusive J/y production: 1) perturbative phase Quantom numbere chance

> prompt J/w
> direct J/y (~60%), feed down from @(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)

> Measurements of quarkonium production
and polarization - tests of different
production models, help to understand QCD
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~ J/W production in p+p 500 GeV

High-p_)/y Low-p_)/y
J — e e inclusive J/v JW - Wy
1e
= » B
- p+p @ 500 GeV S300— Run13 p+p @ 500 GeV
B - 8 B D > 0 GeV/e —+— Unlike-sign pairs
T 107 - ® STAR Jiy—e'e, lyl<1 - J:’T‘;iu*u' — Fit signal+bkg
- B E.;] NLO NRQCD: prompt J/ ¥ 250— +
% B ol B
E10°E y 200
= E Y B
°_ B E.j:.:t B
.g' 10-3 = - 150—
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e :
N - * ~ STAR preliminary 4
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 STAR Pretiminary 25 26 27 28 29 3 31 32 3.3MHL ?ét ch)'s
-E_||||||||||||||||||||||||||||||||||||||||. | VD|m ntr| r—tW h|t |n
% 2 24 6 8 10 12 14 16 18 20 22 uo g9g¢€ O NIts
P, (GeV/c) MTD
v NLO NRQCD for prompt J/y - More precise low-p, J/y
describes the data well for measurements
pr > 4 GeV/c
NLO NRQCD:
Phys.Rev.Lett. 106 (2011) 042002, Phys Rev. D84 (2011)
114001, JHEP 1505 (2015) 103 and private communication
Kuang-Ta Chao, Hao Han, Hua-Sheng Shao
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J/¥ x. scaling in p+p collisions

X, scaling observed in STAR at 200 and 500 GeV

XT =2pT//$S
T = 8(xr)/(/5)"

v/ p;>5GeV/c- ]y
production follows the x

scaling of cross-section at
mid-rapidity, with n ~ 5.6

> X, scaling breaking -

transition from hard to
soft process

n - number of constituents taking an
active role in hadron production

1 Ozg u ® STAR p+p 500 GeV
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Phys. Rev. C 80, 041902 (2009)
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Quarkonium production vs. event activity

dN,, /dy
(@N,, /dy)

. ALICE pp Vs =7 TeV

m Jvopp(25<y<4)
o Jv—e'e(ly| <0.9)

Mormalization uncert.: 1.5%

Ll

[® ]

L

Y (1S)/{X(1S))

o]
[
9
| |
2 4
Phys.Lett. B712 (2012) 165-175 chI‘/drl
(dN_Jc)

> In high energy proton-proton collisions Multi-Parton Interactions
(MPI) may be important on a hard scale. At LHC correlation between
quarkonium production and event activity has been observed.

- e pPb 'n'SNN =5.02 TeV

=276 TeV
2
CM ’

: TT | T
= O pp
5_

- ¥ PbPb ys
5L
4= (1

- (r(1S)
3C
2f
s
%T-r 0.5

> MPI? String screening? or ?
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~ J/W production vs. event activity

> STAR observes correlation between relative J/y yield and relativan®
event multiplicity at 500 GeV

> At higher multiplicities stronger than linear growth at p. > 4 GeV/c
 Hint of p,dependence

A 10
3| 2 L STAR p+p @ 500 GeV
= ZV 9— . -
=y Jyout, Pr o> 0 GeV/c
8 E_ o Jy—e'e, 4 < pmhlI < 8 GeV/c E+:I
v ;_ mJy—oe'e, pmhp > 8 GeV/c
61—
5;_ STAR preliminary E+:'
4
:_ | -’_'_..-"'---
* B
2:_ '---"-'_._...--1"
E i | +J|I5"/" © one-sided error along both x- and y- direction
oollllo-sIII1IIII15IIII2IIII2-5IIII3IIII3-5IIII4
TofMult
TofMult - Multiplicity of TOF <TofMuit>
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~ J/W production vs. event activity

> STAR observes correlation between relative J/y yield and relativan®
event multiplicity at 500 GeV

> At higher multiplicities stronger than linear growth at p. > 4 GeV/c
 Hint of p,dependence

* Similar trend at LHC for J/y and open charm production

A 10 A —
z“—‘ia z‘—i} ] E_STAFI p+p @ 500 GeV ? z§12 ~ p+p collisions
VTR dlvontp > 0 GeV/c 'V 7L x STAR 500 GeV: Jiy—py, y|<0.5, p_>0 GeVic
8 g Jly—se‘e,d< Pry < 8 GeV/c _ x STAR 500 GeV: J/y—e*e, |y|<1, p >4 GeV/c
- : 10— - . e
- mdly—ete,p > 8 GeV/c | O ALICE7 TeV: J/y—e'e, |y|<0.9, p_>0 GeV/c .
= Ty ~ @ ALICE 7 TeV: D meason, y|<0.5, 2<p_<4 GeV/c +
6 8— o
> E_ STAR preliminary E+:I 6 STAR preliminary
4 -
- B =3
35 *# a4 (@]
2:_ '---'--'_ _..--'1'- : #:$--___,,--
E w__.-"' o @__...—' )
— -t — S TAR data points
i 15% one-sided long both x- and y- direct B o
NSECa; I s s i i oL @ || PSR et o long o and . gt
0 0.5 1 1.5 2 2.5 3 TS?M it 4 0 05 1 15 2 25 3 35 4 45
ofMu .
T <TofMult> Event activity
TofMult - Multiplicity of TOF
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~ J/¥ production vs. event activity - models

> Correlation between relative J/v yield and relative event multlpI|C|ty

A
zZ| =

= Zﬁh12 - p+p collisions @ 500 GeV

- x STAR: J/y—pu*y, |y|<0.5, pT:=-0 GeV/c
|y STAR: J/y—e'e), |y|<1, P >4 GeV/c
10/~ PYTHIA8.183 default: p >o GeV/c

. PYTHIA8.183 default: p >4 GeV/c

g/~ — Percolation model: p :=-0 GeV/c

> Possible explanations:

* Multiple parton-parton

Interactions - PYTHIA 8
> Default Pythia tune, p.dependence

* String screening - percolation

s STAR preliminary model - quadratic dependence at
i high multiplicities
I O > PRC 86 (2012) 034903, and private
- i communication
o P * Hadronic activity associated
: s pret e S &'AR data points W i t h J/ \lf p rO d u Cti O n
| e "#—‘ | |+I 5% one -sided err'ar afang| both x- ﬁﬂd y- direction
0 po2 ¥ f=F L 1 1 I I |11 I 111 [ |1 1 [ |1 1 | 11 1 | 11
0 0.5 1 1.5 2 3 3.5 4 4.5

Event activity

- Percolation Model and PYTHIAS8 (in two p, bins) can describe the
observed correlation

«In order to distinguish between the models measurements need
to be extended to higher event activity bins - in progress
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_J/V polarization

- Polarization provides further constraints on J/y production modelg™

> Similar production cross-sections but different production

mechanisms in competing theoretical approaches lead to
different polarization

* CSM vs different NRQCD calculations
J/y polarization can be analyzed via the angular distribution of the decay lepton pair:

do
| x 1 4 A\gcos?0 + Ngysin(20)cosd + \ysin®Ocos(2
! d(cosb)dg o 09 (20)cos¢ ¢ (29)
z
auadkoninm * 0 - polar angle between momentum of a positive
rest frame lepton in the J/yr rest frame and the polarization axis z
. * @ - corresponding azimuthal angle
production

Polarization z axis:

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

* 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

plane \.
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Polarization parameters

> The angular distribution, integrated over

azimuthal angle:

W (cosB)oc1+A,cos’ O

> Frame invariant quantity:

transverse polarization ™.

t°

|
\

T Ay = +1/5 ~ kinv= +1
\ \ ﬂ{p=+1,f5

|

1 ejz — i]_

As =-1/3

\ “ ﬂcp=+1/3

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

P. Faccioli, CERN, April 23th 2013

polar angle:
W(p)ocl+ 2y cos2 @
_______________ + A
k _ke+3k@§
: Inv 1_7\’@ E

longitudinal polarization.
g‘\ P ‘Good cross-check

on measurements

A performed in
I' different frames
As=—-1/3 |
v« 7 A =-13 7\.mv= -1

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 and 500 Ge\sysr

Ae parameter in HX frame

o 1

< 0.8

0.6
0.4
0.2
0
-0.2
-0.4
-0.6
0.8

| T rd I 1 I 1 I 1 1 I 1 1 1 I 1
E PP 2 JYHX AR Uiy 500 Gev, fyl<t
Chelicity frame xR gy 200 Gev, Jyj<t
= u PHENIX J/y 200 GeV, |y|<0.35

STAR Prufsl,'limilnaurvyr |

()

2 4

6...

1

2 14
P (GeV/c

b III|III|III|III|III|III|III|III|III|III

6

e

> Similar trend observed in 500 and 200 GeV p+p collisions

> RHIC data indicate trend towards longitudinal polarization with

Increasing pr

> Measurement extended to higher p_range, 5 < pr < 16 GeV/c,
with new 500 GeV data

PHENIX: Phys. Rev. D 82, 012001 (2010)
STAR 200 GeV: Phys.Lett. B739 (2014) 180
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_J/¥ polarization vs model predictions

1 Ae parameter in HX frame

©
o

- for the polarization - input
STARF W from data needed

6 8 10 12

1
-
7

< 08§p+P — Jiy+X * STARdatal, |Iy|;1I o _If
06k I‘;rgl:1200 GeV e zg':n”'x data, vi<035 3 200 GeV STAR:Phys.Lett. B739 (2014) 180
04 o SH-dRa S .o~ Consistency with NLO* CSM
‘3,\5 o - SO XX eed-down = ] ]
I R T e eates ] prediction
Sy O R o S St S S X
SEIN - L ELSEIREETS LSRR KKK IR HA ST Tl =
— O o — ””’..ﬁ"”"n._“ﬂ"A¢ }’A‘A‘A’A‘A‘A‘A’#’A’A’A’A"”””" 7
S8 D R s 1 D00 GeV
3258 0.4F B R =
cggs “04F i S Ele bl o .
§24F -0.6F 0.16%. 4015 4 v Lower value of A, not constrained
JE&Z8 = —-0.16%p_+0. -
>= a0 C . . T =] . . .
45§ "08f helicity frame  opqp 154 - 1 within the NLO NRQCD calculations
ze=5 I | T R BN M BT R B
G5z 01z 33 o Gevid  TOr prompt J/y
T
E e —————————————— * STAR data can help to constrain
a8 Ep+p — JIy+X 3 - -
S 0-8:_h o STAR Jiy 500 GeV, lyl<t 1 color-octet Long-Distance Matrix
a0 —helicity fr -
cn 0.6 nelicly frame 1 Elements for the NLO NRQCD
2 0.4 —
£2 02F - L
22 b // 7 > Predictions that can
8% 02f . describe cross-sections well
N n 7 : C
S92 -04F A % have little prediction power
835 .65 7 _
xS : %
i 4

103 and private communication

NLO NRQCD 500 GeV:
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x.dependence of A,

Ae parameter in HX frame

<.'D1 """"" L L L

o L p+p — Jhl-""x X STAR J/y 500 GeV, |y|<1
0.8 X STAR J/y 200 GeV, |y|<1

|

L

L

O

O

PHENIX J/y 200 GeV, |y|<0.35

XT =2p1//S

0 Gi_helicity frame
* CDF 1960 GeV, |y|<0.8

0.45 f CMS 7000 GeV, |y|<0.6 =
= LHCb 7000 GeV, 2<y<2.5 ]
0.2 o N ALICE 7000 GeV, 2.5<y<4 —
0 ;_ W@—? ------------------------------------------------------------------------ _;
o T o) A
0.4F% " ,%%_ o =
-0_6 ;—'E'._'.-I ’ % ‘—;
0.8 . —
JESTARErImInary 1T
0 0.01 002 0.03 0.04 0.05 0.06

p. (GeV/c)

> Common trend towards strong negative values with
increasing X,

> X, scaling of cross-section at p. > 5 GeV/c
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A,and 4, parameters in HX frame

o I L L L L I L I L L L L L L I L I L
< 0.8§p+p — Jhy+X _; £50.8§p+p — Jhy+X _;
0.6 ;_STAFI J/y 500 GeV ¥ xreme _; 0.6 ;_STAFI J/y 500 GeV ¥ rrrame _;
0.4 E 0.4 N +3x(p—£
02 : 02 e
0:_ ......... qep e e emmeeaeeaemmmaeoaemaeeueoseoeoseoseeseoseosensosemnsestoneoennntoeeonennennrnmnnnenn _: 0:_ ......................................................................................................... _:
0zt 3 e v
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055 = v g e T :
-O-i E_STAR Preliminary | ) | _E 08 E_STAR Preliminary . _E
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< 0.8E PP = X 3 P, (GeVic)
0.6ESTAR J/y 500 GeV X = _
0.4F- i frame E > No strong azimuthal
0.25- E anisotropy observed in the HX
3 E frame
g:‘ E > Negative values of the frame
0s8E E invariant A, parameter
~ SITII&RI Pqelilmilnalryl L -]
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_J/¥ polarization in CS frame

o I I e e B s S B > I L L L B L BN
< g.8E PP = JiyX T E o pep > Jyax 3
0.6=STAR J/y 500 G ¥ HXirame = 0.6STAR J/y 500 GeV X HXirame =
0.43— % 2% CSframe _f 0_43— 2% CSframe WY _f
1 e b=
0;_ ......... e _; 0;_ .......... e _;
-0.2F — -0.2F H*H:% T =
0.4F % i : = 04 ] 1 % =
0.6F- ++ + = 06 T :%: | =
0.8F . = 08F - = =
1:SITII\.FHIPqta-lilmilnalryI T 1:SIT{\.F{IPqtallilmilnalrvyrI T
e-1l---7---]--K[---f---’{---_ 4 6 8 10 12 14Gw16
< 0.8E PP = X 3 P, (GeVic)
0.6ESTAR J/y 500 GeV ¥ HXframe = .
0.4E 3 cstrame E > Different values of the Asand
0.25 e i E Ao polarization parameters in
ool E the CS frame
04E ,%_ I E > Frame invariant parameters,
-0.6:— : “j[j — . .
08E 3 A ., consistent in both frames
~ SITII&RI Pqelilmilnalryl L ]
g 6 8 10 12 1

6 > Trend towards longitudinal
polarization with increasing pr

—i-c_n
—_rp
G
® |
<

L p)

p——
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Summary
v J/y p,spectra at Vs =200 and 500 GeV measured, can be described well
by NRQCD predictions

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

> PYTHIAS8 and Percolation Model can describe the observed increase
> Similar trend as observed at LHC

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

> No strong azimuthal anisotropy observed

> x_dependence of Ae observed
» Frame invariant parameters agree in HX and CS frames at Vs =500 GeV

v Data will help to constrain J/y production models

v 1 analysis of cross-section at 500 GeV and relative yield vs event activity in
progress — see Leszek Kosarzewski poster 0613

September 30, 2015 Barbara Trzeciak, QM 2015 17



Thank you !



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

2 T T T

|
2
D
A
N
o
-
(&)
o
N
-
-
?-’I Lol

: o PHENIX 2006
‘ MB STAR Preliminary

—
: <
I IIIIII|

==

Ratio
to CEM
-

—
<
2

Bd’s/(2np_dp_dy) [nb/(GeV/c)’]
2

} IIJII| | IIIIIII| | IIIIIII| | IIIIIII| (RN

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 j 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 NRQOCD, prompt
: production, describes the data
: for pr > 4 GeV/c
|E| ] ] ] ]

> % ® % v CGC + NRQCD, describes the
p1(GeV) .
data in the full p,range

Phys. Rev. Lett. 113 (2014) 192301
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_J/¥W production mechanism - CSM

- Comparison of CSM to RHIC data

— 1 00 ' T ¥ ¥ Y T — T T - . . r :
- _ PHENIX data with F§°%'= 59 +/- 10 % =
O - STAR data with F§'°%'= 59 +/- 10 %
= 10 | 538377% L
= : 113
| —
5 4 F
x %
Ln .
™
T 0.1 ¢
>
>,
© 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 <5 < 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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W(2S) in p+p 500 GeV

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

production
2 008 O HERA-B (e channel ), 42GeV, EPJCA9, 545
g = O HERA-B (i channel), 42GeV, EPJC49, 545
2 0.07 — PHENIX, 200GeV, PRDS5, 092004
@ A CDF, 1.8TeV, PRL79, 572
& 006~ @ STARS500GeV, this analysis
> =
& 0.05 &
5 = )
m% 0.04 —
; o 3
0.03 — I ]
— | @)
: ] o i A
0.02 — ) i‘ { )
Eff;aﬂii%ﬁ"’ |
0.0 STAR Preliminary
u :I 1 1 | | | 11 | 1 11 | I | 11 1 | 1 1 11 | | 11 | | L1 | | | 11 11
0 1 2 3 4 5 6 7 8 9
P, (GeV/c)

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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_B-> J/V fraction in p+p 200 GeV

200 GeV p+p py¥ > 5 GeV/c
2%5°¢ > 0.5 GeV/c
v Measurement based on s 2 oy
. ° | --- B—Jiy+X
azimuthal angular $ 15 s +
correlations between high- 3 | ,
P, J/y and charged hadrons = 05£ —
DI_4.—-I-' -.‘ E};J‘t%% ..... ! - _.I--- ! | ! | )
-1 0 1 2 3 4
A¢p Phys. Rev. C 80, 041902 (2009)
> B-hadron feed-down > [ e STAR2009
. . . ) -
contribution: 10-25%, in ¢ ¢ °© E{Eﬁfﬁﬂﬁ
the range 4 < p, < 12 Fhadd ’ _
Q —
GeV/c = = - 3l |
. = 02F o |
> Agreement with 2 e
FONLL + CEM prediction 1 ,,c |
m "¢
- 200 GeV p+p
DI‘. AR I TR NN TR N T N
1 9 10 11 12
P, (GeV/e)
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_B-> J/V fraction in p+p 200 GeV

200 GeV p+p py¥ > 5 GeV/c
PYTHIA 8.108 pr>>*> 0.5 GeV/c

v Measurement based on 21 27 Prompt iy
azimuthal angular
correlation between high-p;

J/w and charged hadrons

Sum

(1/Nypy) dNgp/dAG

1 o 1 2 3 4
A¢p Phys. Rev. C 80, 041902 (2009)

> B-hadron feed-down > [ ® STAR 2009 (b)
: RIS o/ i = E O STAR PRC80
contribution: 10-25%, in ©0.4F = CDF ML e e
therange 4 < p, <12 ‘® [ O ATLAS
S0.3E © CMS
GeV/c £k
> Agreement with 202
FONLL + CEM prediction + ¢
and with measurements =9 e e
from other experiments e A I I I T AT
12 3456 7 8 9101112

p_ (GeV/c)
Phys. Lett. B 722 (2013) 55 T
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