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Motivations

The J/psi has been discovered more than 30 years —— | ‘\
ago... and has since then been studied by many o e

experiments like Tevatron, HERA, ... Q(_)—&: bTD W g
=CC, .

Why still study quarkonia at the LHC??|

© Still today quarkonium production properties
not well understood!

© Tevatron data not understood! NRQCD-formalism .

33333333333

(see next slide) succcesful in explaining P;(J/psi) o o]
spectrum, but not in polarization prediction...

© Theoretically very recently lots of interesting progress made
© At LHC: higher P; values & luminosity allow for new studies

© These kind of analyses can begin in first months of data taking
© We know that they exist! (no exclusion spectra of new physics )

: s : . NB This talk is about
[Quarkonla are still highly mterestlng!} promp'f qﬁarzﬁiao:my!
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Quarkonium production: theory

Before CDF Run 1 data: J/psi’s thought main singlet contribution
to b_e_produced via singlet rpecham_sm _ - em)’
(=cc in colour singlet state in hard interaction), “ ~ay Pg
T
CDF data did not fit with this hypothesis, 700000"
especially at high P; factor 50 too low!
New approaches developed
Ve | 7 1) =QW|QDCSM) O
1) 1995: Non-Relativistic QCD-formalism
[8]
© Quarkonium state written as + O(V)‘QQ( P™)g
expansion in v in Fock-space: 2\l (L <l8!]
(v = velocity of Q in bound state in CM) * O(V ) QQ( SO )g>
© Production cross section based on +0(v))| 00 S gg>

factorization method:

] 2 04(A)<0';(/I})?1>g-distance:

n . :
short distance: non-perturbat_lve Singlet+Octet
perturbative QQ—colour singlet

QQ- production NRQCD mechanism!
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Quarkonium production: theory

© Including octet: P (J/psi) spectrum at Tevatron explalned (tuned)

© However, octet mechanism predicts osg @)
transverse polarization, while recent ot ——
polarization measurements favour 02 ==NRQCD ]
no polarization! see: CDF coll, arxiv: 0704.0638, ~ © S/ ey E
0.4F -
. -0.6
Examples of other models available: -082—\\;
-1_L‘.AA|J.. - ..JIA.,AJ_
2) Very recent: in NRQCD framework: b (GeV/e)

singlet model calculations gg —3S,['l +X refreshed, mclud ng NLO,

NNLO corrections see eg: Maltoni etal, PRL98:252002,2007
NB In this talk “singlet” refers to LO singlet only...

3) Very recent: K, factorization approach: see talk by S. Baranov yesterday!

4) Older: Soft-Colour-Interaction models , Colour-evaporation models

[Nice overview see J.-P.Lansberg, Int.J.Mod.Phys.A21:3857-3916,2006 ]
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Quarkonium production in PYTHIA

[ o Original implementation}

© Done by S. Wolf (2002), but never officially released
[ in all releases < 6.324 only singlet! ]

© Based on NRQCD- approach
o Singlet and octet QQ produced perturbatively, followed by shower

o Parton showers for radiation off octet cc ® slide 8, 9

[o Recent (2006, 2007) progress: }

o Code integrated (Torbjorn Sjostrand): PYTHIA = 6.324

© NRQCD matrix elements implemented ® slide 10 [See CERN-LHCb-2007-042].
o Possibility to normalize cross section like in UE # slide 11

o Possibility for polarization (with MSTP(195), MSTP(196))

© Generation of JAp(1S), Y(1S) possible (MSEL=61, MSEL=62)

o Extension to y(2S), Y(2S), Y(3S) possible

© Update on shower switches MSTP(148), MSTP(149) in PYTHIA
versions = 6.412, see http://projects.hepforge.org/pythia6/
Hera-LHC workshop 2007, Hamburg 70122



Parton showers

-

\

Singlet production

hard g

»Quarkonium produced direct or via
»>QQ-state produced in colour singlet
in hard interaction

Q JAp or Y »Color singlet- no g-radiation

0 ‘%Y

erturbative  non-perturbative

>

»>J/psi produced in isolation!

_/

/ Octet production

perturbative’  non-perturbative

\_

>

»Quarkonium produced direct of vieb
»Physics-wise: shower expected from
1) 99—~999—gggg...
2) g—QQ®
3) QQ® —>J/psiorY
»Technically: cc-octet state produced
in hard interaction
>»Switches MSTP(148), MSTP(149)
>J/psi produced in shower! /

Hera-LHC workshop 2007, Hamburg

8 of 22



Possibilities studied in CMS:

Singlet production

hard -
J _ -Case 1: Singlet
Q JAp or Y
0 X 05«4{1
Y Case 2: octet low radiation
perturbative = non-perturbative MSTP(148)=0 ,
= (MSTP(149) doesn’t matter)
- —— AP spIi’Sting 12unction:q—>qg
/ Case 3: octet med. radiation
Octet production MSTP(148)=1, MSTP(149)=0
A-P splitting function:
harder g’s s g g (but follow hardest)

soft g’s i S
Case 4: octet high radiation
JhporyY \ MSTP(148)=1, MSTP(149)=1
A-P splitting function:

Perturbatlve non-perturbative g-gg (symm. 2=1/2)
NB: case (1+2),(1+3),(1+4)

Hera- LHC workshop 2007, Hamburg all fit CDF data! Rl



[See M.Bargiotti, V. Vagnoni,
CERN-LHCb-2007-042]

NRQCD matrix elements

> Rates for all quarkonium
NRQCD matrix elements [at HERA-LHC workshop 2006

processes given by See also talk by M.Bargiotti }

> Motivation of tuning: PARP(141) (0" [*s]) 1.16
reement M
agreement MC<>data PARP(142) (0" s®) 0.0119
. PARP(14 0" 'Sy ] .01
» NRQCD matrix elements (143) <J/w 3 (8)0 > - 00
from: hep-ph/0003142 PARP(144) <0 ['F ]>/ m, 0.01
> CSM values extracted PARP(145) <0"“°[3PO“)]>/ m; 0.05
from potential models TR
(hep-ph/9503356) PARP(146) (0'*S"]) 9.28
> COM values from CDF PARP(147) (0"’s®1) 0.15
data Yrla®)
PARP(148) (0T's1) 0.02
Y13 p8) 2
» Quark masses: m_= 1.5 AARIATCR), (O R /m, i
GeV, m, = 4.88 GeV PARP(150) (0" PR 1)/ m; 0.085
10 of 22
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Quarkonia in PYTHIA: PYEVWT.f

» Problem: even with octet, quarkonium cross 2 b | — Lo N s s s
section not right shape (too big at low Pt) & —— i

P : - AL - E

> ITQ.':'xlutlon. PYEVV\;T.fI. c.;ross sect:tflon dalnrnpened € gl CDF data 3

ike gg—gg in underlying event formalism e _

T. Sjéstrand and M.v.Z, PRD 1987 g or PRD71'°32°°1’200§

2 -

-o =

do  los(pp))? s (p7, + p7))?
-5 X 1 — 5 5\ ?
dpr Pr (pTO‘H?T) e T T T
» Applies naturally here too!
X, 2 2
Oreweighted _ ( p% )2 (O"S (pTo + Q ))@

p7, + b7 as(Q?)

T B B . — v
2 4 6 8 10 12 14 16 18 20
P, (GeV)

Onot reweighted

> P~ scale below which g cannot resolve colours
=> coupling decreases = xs decreases!

> Pro~ 2 GeV at CDF, is assumed to grow with Vs
[x smaller = denser packing of gluons = more screening
CMS: p;, = 1.94(14 TeV/1.96 TeV)?16=2.66 GeV
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Validation of J/psi production

[ Validation of CMS settings by comparison with CDF data:}

o Collisions: pp Vs= 1.96 TeV oNRQCD matrix elements (slide 8)
o ly(J/psi)l<0.6 P (J/psi)>1 GeV oMSEL=61: singlet&octet production
¢ PYEVWT.f used oMSTP(148)=1, MSTP(149)=1
(high radiation case is default)
) = MSEL=61 Reweighting, CMS settings *
S :_ ---------------- MSEL=61 No reweighting, CMS settings . =
> 10°E Old singlet model NB: all radiation cases
% E —=—— CDF Run 2 data | from slide 9 fit
e W0E = CDF data pretty well!
n: __ DF __ § L L L B L B L L BN IR
oM 107 = = C data = D 107 E e Singlet + Octet low -
x - PRD71:032001,2005 3 QO T i Singet + Octat macium | -
Q_l_ 10 3 = £ 10 '17-:., - Singlet + Octet high E
S E ER:: e
b — — * 1= L':—| =
= - D10 _T*ﬂ_ﬁ ~
107 = 102 T
10‘2_' RN AN RN AR B RN R P B — =1 10'30_J 2 Te e 10 12 14 16 18 20
0 2 4 6 8 10 12 14 16 18 20 P (GeV)

P, (GeV) 13 of 22



J/psi production cross section CMS

[CMS settings: }
o Collisions: pp Vs= 14 TeV

oNRQCD matrix elements (slide 8)

oMSEL=61: singlet&octet production

©® 2 muons |T]|<25, Pt>2.5 GeV 9MSTP(148)=1, MSTP(149)=1
o PYEVWT.f used (high radiation case is default)

Differential cross section J/y. Filter Pr(”1'”z)>2 GeV, |l](p1,p2)|<2.5

CSAOQ7: MSEL 61 total xs
Singlet
— Qctet

-
o O
N w

-

©1In 100 pb-1 ISsmglet+octet)
n(mu)<2 5 P{(mu)>2.5

—

P; (JAp)> | Produced | Reconstructed

* BR(J/y—up) (nb/GeV/c)
=

— -
Q o
N L

5 GeV ~2*107 ~5*106

T

—
Q
w

20 GeV ~3*10° ~2*10°

do/dp

PN T NV T I T T T T T T e T S B I 50Gev ~5*103 ~3*103
10 20 30 40 50 60 70 80

—
Q
o

—_
o
= IS
C [

P; (GeV)
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J/psi production cross section CMS

o At CMS: enormous differences between singlet&octet models
B cross section measurement will clarify production via singlet
(LO) or octet
o Also differences between different octet models visible at high PT!
B cross section measurement can help to understand details....

Prompt J/psi production cross section at CMS

) o Total
S 107E Singlet .... however, many
CIRT A " — et metp(14E)=1 metp(149) :
2 08 % | Octet mefp(148)=1 meip(149) parameters can influence
x g cross section shape...
* 107k "y, | logaritmic!
5 ~-= Diff octet models factor~2 | »>|SR
£107¢: DIff octet-singlet factor~50 | . FQR
1075 »>Mass of cc-octet
1075 >Reweighting function
I3 | N cev b by by by AL 00
10°% "0 20 30 40 50 60 70 80 —
P, (GeV)
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J/psi production cross section CMS

Examples of changes in the differential cross section:

Differential cross section |

| Differential cross section |

(nb/GeV/c)
2 3

—
o

do/dp_ * BR

Singlet

Octet, MSTP(148)=0 MSTP(149)=0 m_=3.1 GeV (def)
Octet, MSTP(148)=1 MSTP(149)=0 m_=3.1 GeV (def)
Octet, MSTP(148)=0 MSTP(149)=0 m_=3.5 GeV
Octet, MSTP(148)=1 MSTP(149)=0 m_=3.5 GeV

.......

Model 4 (octet) parp(90)=0.16 (def)
Model 4 (octet) parp(90)=0.06
Model 4 (octet) parp(90)=0.26

10°E
10F

dc/de *BR (nb/GeV/c)
3
LU II-‘

=

<
N

kil

parp(90)

M,_.3.1 - 3.5 GeV

i G

Octet mstp(148,149)=0, yes ISR, no FSR iy
Octet mstp(148,149)=0, no ISR, no FSR S 103
Octet mstp(148,149)=0 o))
Singlet, yes ISR, no FSR % 102 ....................................
[=
Singlet, no ISR, no FSR E’ 10
m
x 1
o
<« ISR+FSR = §v
“.I‘-.l:::?:?‘“‘:;'-"-".‘_:_'k_-g‘...ﬁ..,h ‘ 10—2 I?l
oG 10’3 i
w 10%}
\- il _5 L
50 60 70 80 1070 10 20
P; (GeV)
Model 4 (octet) wlan(szoz) (def
) Model 4 (octet) w =t (m® )
> 102 . i Jhy
m =
2 10 T B
5 104
:orN PYEVWIT
5 o
o107'E S
s E
8 102§
10°F
10

Sl e b b Lo o b aa by a s lagay
1070 10 20 30 40 50 60 70 80
P, (GeV)

Conclusion:

» Diff. xs is subject to
uncertainties!

»Measuring the spectrum
doesn’t mean we
understand production...
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[In combination with diff xs measurement, )

J/psi production studies: new observables!

o Shower activity of 4 models is 1-7 N
different = natural observable= CC
Nr charged particles (P;>0.9, not u’s)0 LA
around J/p in cone R (e.g. 0.7)

2 Rlw,
®» Differences at high Pt jpsi! ‘ dR

o The particle or momentum density as function of cone size R
o Etcetera... different variables studied in CMS (HERA advice welcome!)

J/psi

could help in understanding mechanism?! | Jesiactvty: 7" > 40 Gev

Fr 1 rrr [ rr [ 1117

J —— QOctet high ]

-_—
)
T

— — Octet medium .
—=— Qctet low —

aroun . _ Ji : e H
| Neround (P,>0.9) around J/y in cone R=0.7, P.Tuw <20 GeV Jc,jl < (P,>0.9) around J/y in cone R=0.7, PT"‘ > 40 GeV | C Slnglet
2 T — Singlet E ' gmtglte: 8~ 7
e E — Octet low -
> — Octet low C
iT] . L
1 Octet medium = Octet mgdlum 6 IVI -t r u t h -
—— Octet high i — Octet high C
-1 4 - —
10" =trutn o =trutn -

dP"dQ,
©

|||||||||||||||||||||||||||||||||||||||||||

.2 L 0_2||‘J|||\||‘---l.J‘..IH.I‘..I.HI‘..
0% 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8 10 12 14 16 18 20 R
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Validation of Y production

[Validation of CMS settings by comparison with CDF data: }

o Collisions: pp Vs= 1.96 TeV oNRQCD matrix elements (slide 10)
o Rapidity(Y)<0.6 P(Y)>1 oMSEL=62: singlet&octet production
¢ PYEVWT.f used oMSTP(148)=1, MSTP(149)=1
Upsilon(1S) Inclusive CrossSection(nb/GeV) Gen_Pt

Entries 39109
Mean 4.618
RMS 3.171

10

10

I IIllIII| ,_F IIIIIII|

—
S
W

L1 1 I L1 I L1l 1 l 11 1 l L1l 1 I 11 1 l Ll 1 I 11 1 l Ll 1 l Ll 1 l |
18 20
Pt(GeV/c)

°||||||
[\ %]
'S
o
[# ]
—
o
—
X}
—
s
—
o
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Y production cross section CMS

[CMS settings: }
o Collisions: pp Vs= 14 TeV

oNRQCD matrix elements (slide 8)

oMSEL=62: singlet&octet production

©® 2 muons |T]|<25, Pt>2.5 GeV 0MSTP(148)=1, MSTP(149)=1
¢ PYEVWT.f used

Y (1S) differential cross section CMS

— Y(1S) CSA07: MSEL=62

o
w

— —
o
o

T T T T

—
=
L —

l lllllm] Illllﬂ'l] IIIIIIIII TTIT

BR(Y—up)(nb/GeV/c)
o

*

N
) Q
N

do/dp
o

—
) Q
SN

—
o
(62}
O
—
o
N
o
w
o
S
o
(@)
o
(@)]
o
N
o
(0]
o
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Future: ¢y(2S), Y(2S), Y(3S)

Next to 1S, code can be extended to y(2S), Y(2S), Y(3S)(not simultanaously!)

© NRQCD matrix elements in hep-ph/0003142
o Take into account branching ratios and mass of y(2S), Y(2S), Y(3S)

Upsilon (2s) Psi (2s)
[ Upsilon(2S) Inclusive CrossSection(nb/GeV) | Gen_Pt [ Psi(2S)_Inclusive_CrossSection(nb/GeV) | Gen Pt
Entries 23853 Entries 19838
Mean 4.238 1= Mean 3125
= RMS 1955

coF | | . CDF
Y(2S) ‘ Y(2S)

102

107 =
10° .
E Red lines:
MC data 10° L
T e Dots: —I—L
104 CDF data
:1||l||x|||1|11A|1|1|||||A|11|AllllllllxlA 10-‘__\||lnxn||||l|||||1||A||1||A||AA||||J||A||
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Pt(GeV/c) Pt(GeVic)
S. QIAN Status of PKU aroup :
i i i Gen_Pt
[ Upsilon(2S)_Inclusive_CrossSection(nb/GeV) | Gen_Pt [E1{25 )i ko HruE Crowesier bl b/ Ga VI Entries 423480
= = Entries 111498 10 = Mean 2.62
masn ;-g;g E RMS 1.787
1 - |
E

CMS o CMS More studies

10";
: 2S
s Y(2S) 0 P(2S) on the way!
10° E_ E
104#'“'""1'0"“1'5""zlti““zls“"3'0““:«115"”4'01”'Al.r.'“50 nE“lé”'1110'”1115“”210""2]5“"3'0 S5 Elomlgl”[;o 21 0f22

[ 5
H (GeV/c) (GeV/c)



Conclusions

» Quarkonium production not understood: octet mechanism is not in
agreement with polarization measurements

» LHC: higher P;(J/psi) values and luminosities will allow for much
more detailed studies than Tevatron!

» PYTHIA 6.409: quarkonia generation possible with singlet and octet
mechanism

» NRQCD matrix elements tuned
» Cross section dampening at small P; introduced
> Different options for radiation off octet QQ-state

> J/psi(1S) and Upsilon(1S) generation with MSEL=61, MSEL=62
resp.

> Also extension to 2S (and 3S) generation possible

> In CMS quarkonia studies have started and lots of interesting
results are on the way

\\
Hera-LHC workshop 2007, Hamburg %@ 22 of 22



