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Heavy quarkonium production

QWG Report, N. Brambilla et al, hep-ph/0412158
[ Offers a unique perspective to the hadronization

Production of heavy quarks is effectively perturbative:

Ar~L <0.1 fm (for a charm-quark pair) Heavy quark pairs are

2m, produced at a distance

< 0.025 fin (for a b-quark pair) scale much less than fm

O Heavy quarkonium provides a non-relativistic system,
potentially, very similar to a QED bound state:

Vv ké ‘M " —4m; Vv’
Charm: S~ > ~0.3 Bottom: —~0.1
¢ my 4m’ c’

Heavy quark potential: V()

Large mass and small binding energy
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Heavy quarkonium in medium

1 Could be a good probe for Quark Gluon Plasma (QGP)

“» The transition from a heavy quark pair to a quarkonium
should be sensitive to the soft physics or medium properties

Quarkonium binding energy: ‘ _2mQ‘ <1
m
0

%+ Color screening in QGP suppresses the formation of J/y

J/y suppression < medium properties

Potential: ¥, ( )= Vs (r,7) Mate(;;g :é )Satz

‘ Wave function: @, ( )= D5 (r,7)

J/w formation rate oc ‘CDQQ (I”,T)r
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Question

Do we understand the production mechanism of J/y
well enough to calibrate the production rate and
to extract the information on QGP?

May be, may be not

Note: it has been more than 30 years since the discovery of J/y!
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The basic production mechanism

O Production of a heavy quark pair:

Coherent soft interaction

j Quarkonium

Perturbative Non-perturbative Nayak, Qiu, Sterman
A<t
2m,,
O Hadronization of the pair === models:
do -
. AB— states (QQ)
O up>n = Z deQQ dT Fstates(QQ)%h (pQ’pQ’ph)
states 00

Different models < Different assumptions/treatments on
how the heavy quark pair becomes a quarkonium?
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Color singlet model

8 Q
Q
HI— | dg ﬂ@= v
Q Q
B Einhorn and Ellis (1975), ...
% color singlet pair % absolutely normalized
» right quantum numbers predictions
for the quarkonium » predictions on polarization
<» same wave function for <+ quantum interference
production and decay between production and

2 formation suppressed
O upsy * O 45500) ‘va (O)‘ PP

Works well for J/y production in photo-production and others
But, one order of magnitude too small for CDF datq, ...
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Color Evaporation Model

A Q
Q ) _
Q Q
B Fritsch (1978); Halzen; ...
 all pairs with invariant %+ a single constant for
mass less than open non-perturbative formation
flavor threshold » one constant for one
+» color and spin average quarkonium state
do -
B 2 4B—(00)
O u>ijy = fJ/w,[deQ dm?
Mog

Works well for total cross sections, not perfect for distributions,
Predicts zero polarization for quarkonium production
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Non-relativistic QCD (NRQCD) model

A
a Q
20: H?’.OQQ jdq O, ﬁ@= v

Q

B Bodwin, Braaten, Lapage (1994); ...
» A generalization of  "Integrate out" HQ
color singlet model dynamics: (O(ai(mg)))
< All color and spin states  « Factorize hadronization:
of HQ pairs -> quarkonium (O(™,))
< Expansion of HQ velocity universal matrix elements

O up>Jry (MJ/;// ) ~ ; O 48-0] (2mc5 =M,,, )<0J/,,/ (O)>
0

It has been the most successful model ...
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Successes of the production models

O Unpolarized J/vy at the Tevatron:

].D . | | | | | | | | ] | ] ] ] ] =
N BRUJAy—u W) do(pp—TMy+X)/dp, (nb/GeV)
I Vs=1.8 TeV: [n|< 0.6 i
1 F total =
N colour-octet lSﬂ + Eil:'I .
B —e—— colour-octet 351 i
£ LO colour-singlet i
- "~ - colour-singlet frag.
0 L )
o ‘ _
10 F E
| LO singlet | h =3
- .| LO singlet + frag | -. .
l[’ -3 | 1 1 1 1 -] I I I r-L1- | 1 1 - N 1
5 10 15 |
pr(GeV)
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M. Kramer, 2001

«» Data is not consistent
with color singlet model

+ Data is consistent with
NRQCD, with matrix
elements fixed by the
data

s CEM predicts a similar
p: distribution
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O Works for other states too:

]. I I I | I I I | | | | | I E 10 - I I | l I | l I I l e
+ - _ . — i ) + - . . . i
BR(W(28)—1t ) do(pp—y(28)+X)/dp; (ub/GeV) 1 g BR(Jy—p 1) do(pp—y( ;—~Iw+X)/dpy (nb/GeV) 1
N Vs=18 TeV: | < 0.6 - _\ \s=18 TeV: | <0.6 -
-1
10 F — ftofal T J E
N, 0 = colour-octet 180 +F ] - fotal : .
—-—— colour-octet 381 s T AN . T colowr-octet °S, i
- + LO colour-singlet | i + LO colour-singlet
2 NN, e colour-singlet frag. 1
10 b | 4 10 F .
. :\‘“i\\ | [ ]
-3 ' '.. \\ “".,._‘I . _2 “..,h
0 & s 3 N 1 0k RN .
C B . N H““}_ﬁ ] E hi:“x g E
10 4L T T S R R 10 2L I R R { !
5 10 15 20 5 10 15 20
Py (GeV) pr(GeV)

E. Braaten et al. Annu. Rev. Nucl. Part. Sci. 46, 197 (1996)
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Difficulties

d Transverse polarization at high p+?

0.8
0.6
04
0.2

-0.2
0.4

0.6
-0.8
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NRQCD: Cho & Wise, Beneke & Rothstein, 1995, ...

EI T I I I I I I T | T T T I | I I I I | T T I | I; |E KT-fact: Baranov, 2002
— (a) J/v -
E— e (DF Data —f
= NRQCD =
- —— k-factorization 7 o,—0,
o e = a =
- T ! = o, +0,
El | | | | | | | | | | | | | | | | | | | | | | | | | E
5 10 15 20 25 30
pr (GeVic)
CDF Collab. arXiv:0704.0638 [hep-ex]
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[ Same problem for other states:

1
08
0.6
04
0.2
5 0
0.2
04
0.6
0.8
1

[ L L) L L L L) L ) [ . L
- (b) 2
- ¢ CDF Data E
—+ NRQCD —
x ’+‘ — krfactonzation
;\ (28) _
sl IR RS INUTRTE U I

5 0 15 2 2 XN

pr (GeVe)

CDF Collab. arXiv:0704.0638 [hep-ex]
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1/‘ __

~
W

Braaton & Lee, PRD63, 071501 (2001)
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Double cc production in e*e-

O Inclusive production:
oleTe” — J/cc)

Belle: (0 87+0 0.19 — + 0. 17) pb Kiselev, et al 1994,
Cho, Leibovich, 1996
NRQCD: ~0.07 pb Yu:n, glia?)\,"ghao, 1997

O Ratio to light flavors:
olete™ — J/cc)/o(ete — J/hX)
Belle: 0.59%013 +0.12
Message:

Production rate of e'e” — J/wce is larger than

all these channels: e'e” > J/wgg,e’e” > J/wqq, ...
combined ?
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Question and facts

Question:
Is the factorization valid for these observables?

K None of these production models have been proved!

“* NRQCD formalism for heavy quarkonium decay was proved,

but, not for pr'oducTion Bodwin, Braaten, Lapage (1994); ...
Nayak, Qiu, Sterman, 2005, 2006

“» Not work when additional heavy quark velocity is involved,
such as, the associated produc‘rion Nayak, Qiu, Sterman, 2007

0 Huge high order corrections to the singlet channel
Large scale dependence, even with high order terms

J. Campbell et al PRL 2007
P. Artoisnet, F. Maltoni, et al. 2008
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Huge high order corrections

- - ) : . Pr——
5 Jfyp production at the Tevatron ity i —

wi3==1 " Color-singlet contribution for J/y and Upsilon
BR: 588 %, <0= = 1.16 GeV"|

e 24P Ey T production at Tevatron

ML unc. band:
Mgl < <2
o 14 GeV <m, < 1.6 GeV

NNLQ unc. band: NNLO P. Artoisenet, F. Maltoni, et.al. 2007
9 a /

Me"l4 <5 <2m
/ NLO
x/ LO associate

001

L0001 |-

Te05

do "IrdPTll]-dﬂ.m Br (nbfGEV]

LO direct

108 |-
PRELIMINARY P. Arigisanet o1 al., 2007
i Il

5 10 1 2 2 50 " T ' ' TI15) b m—
%T (GeV) o | Y(18) p;rq?g:}it;?anTaaL the Tavatron ol ,E‘E ngg : ]
;" +—|_ prompt V1S x FE ——
Large uncertainty band S eof B1=2.43 %, <0>-8.28 Gelf ug=ldmy +Pr)
o NLO unc. band:
=strong scale dependence € o 2 v
oo L 45 GeV<my<5 GE"J_
o b MMLO une. band:
= my i < Isl< 2 my
i . ?f oo |
Large NLO, NNLO contribution _E
= how perturbative series converge? % .o
]
= fe-06
| PRELIMINARY, P. Attoisenet, et al. 2007

' ' " Py (Gev)
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Scale dependence of cross sections

Q £ - cross section NLO:

With NLO correction, the scale

dependence is much reduced! 5
Bonciani et al. Nucl. Phys. B, 1998
d Large scale dependence for
J/y even at NLO:
LHC vs=14 TeV
10000 = Tevatron vs=1.98 TeV _E
5000 [— pp > *silce) » I/¥ + X
Mo=V (2m,)* + py®
cl 1000 — - T B — _-::
s F—_LOQ scale =
N
100 H- T e
] Gampbell et al 2907
5 ML L —
0.5 0.7 1.0 2.0 3.0 50 7.0
/1o
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1

400 60 O(fb)

200

0

pp -~ tt
VS=1.8 TeV,

MRESRHZ
My =175 GeV

~. Linear scale

(LO
NWLO+NLL (A=2)
{LO+NLL (A=0)

10

0.5 - 1 5
w/m
+ = L o
ete” — J/+ ce
m= 1.4~ 1.5GeV A =0.338GeV

|Rs(0)]> = 1.01GeV? /5 = 10.6GeV

Next-to-leading order

Leading order

2.5
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Goal of the rest discussion

1 Not to prove or disprove these production models

Nayak, Qiu, and Sterman, 2005-2007

[ Re-organization of the perturbative part:

< Multiple hard scales

» Resummation of large logarithms

“» More stable predictions

<» The method is good for both NRQCD and Color Evaporation
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Why high order terms are so large?

2.8
+» Scale dependence ‘-3"'5*-'?4“') o (1)

3(2m » P+ dependence: yz
3 NLO - new subprocess: * High power in a (k)

=

=
=

’ L]
<+ Low power in P
2 1 ' ' ' COF gat
. ala —

Zm) "5, Jhyp production at the Tevatron Yoo
Qg ! = sqrt(s)=1.8 TeV ezt
R BR: 5.88 %, <O> = 1.16 GeV’|

: _ ug=(dm 24P 1212
B NLO unc. band:

D NLO TO eX|S1-|n9 LO: | Ho/2 < g <2 1o

1.4 GeV<m, < 1.6 GeV
_4 ad;
T
10-06 |
PRELIMINARY P Artoisenet et al., 200?

(=]
=]
2

NNLQ unc. band:
1e-05

do ,dPTll]d0.6| Br (nb/GEV)

5 1 o 25 30

Associated production Py (GeV)”
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Large logarithmic contribution

0 Fragmentation logarithms - NNLO:

, 1 Py
rtjf—{ﬁ d (rl,ﬁ 111 [F—L])
(PT . )

0 Same logarithms in the octet channels:
As well as in the calculation

of color evaporation model
- two scales

O Large mass - the logarithms are perturbative

<» Resummation of such perturbative logarithms is necessary
» Re-organization of the perturbative part
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Resummation of fragmentation logarithms

d Fragmentation contribution: Braaten etal, 1993

e (pp — H+X) = Z [u‘,rl dradz oy, _I.JI:.."] ':lr_.'all; /p (10 )0 [lj . ;1.] Di_p(2)
1.0,k " 1

Dominant contribution when P; >> m Resum all logs

O Interplay between the fixed order and fragmentation:

EXI €+€_ —)J/W-I—CE Liu et al, 2004

Frag

e () Charmonivmi(p) -
4.0 -
RN NP N ™, 3.5+ J _-..- _.--";-.;___d--"'_
3.0 A
e & pa) ’ .."
e* (o) elpe) = 25 /
] 0= ;
~ 2 [r.- EX GCT
+ 2 flipped graphs \:.E i
S 154 i
e () & pa) 1.:}.- 3/
(o) |
: 0.5- /
i J
31—
™ 10 100 1000
et |:3?2:|/ \‘:flmnm:-nilunl:p]

E_ (GeV)
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Factorization with QCD resummation

O Relation between the fixed order and fragmentation:

P'~m’ o=c™  Caleulated by fixed order perturbation
P’>m’ o~oc'™  Logs dominate and need fo be resummed

d Questions:

» How to fransform smoothly between these two regimes?
“» How to avoid double counting beyond the LO?

D New f(]C'l'or'iZ(]'I'ion for'mula; Qiu et al 2001, Berger et al 2002

for low mass Drell-Yan
o=0c" +

o' =gt — 5™ «—— No large logarithms, evaluated at 1/P+

Resum all logarithms between P+ and m

The separation between the "Direct” and the "Frag"” contribution

depends on the definition of the fragmentation function
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Quarkonium fragmentation functions
d Operator defini’rion of D¢ 7/(Z5.1°):

'k 27 p+

— —1r *+ ( o l‘:l
/ J.. o G T T ) T Tk P)

Q Calculation of the leading order DO, ;,,(z¢,1?):

e <§ <
o L

2 - e 102 - . 2% 2
imh 10s(35y)) - (zp—1)°+1 I (._.ﬂr,uq ) (1 —Lmq)
:3-{);;."5 ' ' Zf _ 4= ] ZERS

* HQ mass is a perturbative scale, and cuts of f the collinear region

l&gpg

E—"—?.i_uﬂ

JLi\/ '

(0

D ypler 1) =

» Scheme dependence from the k2 < p?
» "Perturbative” - different from the light-hadron fragmentation func
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Resummation and inhomogeneous evolution

J Resumma‘rion: Qiu and Zhang, 2001

<+ Identify the logarithms

<» Derive the renormalization group or evolution equation for the log
< Resummation - solve the evolution equation

o d , : , Oy s 2, -
g dp? Damapoes i) =amapulzn i) + 2r /. — Po—q | 7 )| Dg—upul&p) + -+

f'.:.hﬁ s

d "Perturbative” contribution = inhomogeneous term:

2 d (0) . \ ~ . .
.'“ rf’f.ll}' "IT—_ ”_; r_.'.{'-'j . .'“] — q—-J tl."e'[\"':f' .”/]
a2 . Clzf— 1]2 +1  4m? , 4m?
o (25 gt) = —=—(0g(354)) | =L . 02—
fa—Jy ( f H) 36m3 " ( 1), [ Zf I,HE ] (’H Zf )

d "Input” distribution - boundary condition:
Dy (Zpﬂg =4m’/ Zf) =0
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Case study: e'e > J/w+X
L NRQCD LO perturbative:

0 Identify the logarithm without full calculation - ™"
— ) P B
d Ao (0) , 2 9 dz IH‘ - 1
ffTE,r-- ~ 00 Doy et am) gz =g = G et
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Smooth transition

d Direct contribution:

F

,rf.f'_l"”'l'll 2 {[f -:::(}Iﬂl:::?’.‘l‘-'lj_ ::':::'

dE 74, /s 18 1

<

7
b

d Full cross section:

O = GDir _I_O_Frag

- smooth transition:

< when Ej~m

< when Ej>>m

May 14, 2008

M-ﬁ
tn 2 |

Di P A P 0 2
Glr:Gert_GSYmZGert_zao.D<) (Z,IU)

q—J |y

Cancellation of
the logs

llllI|IIII|IIII|IIII|IIII

Ve=91GeV

- 0.
L
T
% 02
@
0.15
0.4
dor .rf.fT‘U“'
dE;., dEj, 0.05
do dor F
dE;,., "~ dE T b 0
» 10
25

20 25 30 35

40
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Hadronic collision — In progress

o — O_D?;T‘ 4 O'F
: hition: i . D (2, 1?)
O Direct contribution: ,Pir — gPert _ ;Asym g~ H
{ﬁp i+ (Pr - /é;()z +- -
LO | NLO
O Fragmentation contribution:
- 2
of = g ®DgH + I ®@Dg_nu +..
Stay tuned!

May 14, 2008 26 Jianwei Qiu, ISU



Summary

1 We proposed a QCD resummed factorization formula
for heavy quarkonium production

0 We re-organize the perturbative series of any
production models (NRQCD, Color Evaporation, ...)

0 The new formula is perturbatively more stable and
reliable for a wide range of collision energies
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