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Heavy quarkonium

 One of the simplest QCD bound states:

Localized color charges (heavy mass), non-relativistic relative motion
Charmonium: 12> =023 Bottomonium: v =0.1

d Well-separated momentum scales - effective theory:

Perturbative Hard — Production of 00  [pQCD)]

mgv?+ Non-Perturbative Ultrasoft — Binding Energy [pNRQCD]

[ Cross sections and observed mass scales:

doAB—H(P)X
dydp% \/§7 PT) MH7

PQCD is “expected” to work for the production of heavy quarks
Difficulty: Emergence of a quarkonium from a heavy quark pair?



Basic production mechanism

1 QCD factorization is likely to be valid for producing the pairs:

< Momentum exchange is much larger than 1/fm
< Spectators from colliding beams are “frozen” during the hard collision

Ao\
@ —>— Quarkonium

Perturbatlve Non- perturbatlve
1 Coherent soft interaction

Ar = —
2m,

d Approximation: on-shell pair + hadronization

OaB—1/(Prjy) ~ Z/dq2 (048510010 (@)] Fioom)— 10 (Prjes €°)

Models & Debates

& Different assumptionsitreatments on Fiqomy— /4 (Prjw, @)
how the heavy quark pair becomes a quarkonium?



A long history for the production

Q Color singlet model: 1975 — Cramatiogo

On|y the pair with right quantum numbers Berger and Jone (1981), ...

Effectively No free parameter!

3 Color evaporation model: 1977 — Fritsch (1977), Halzen (1977), ..

All pairs with mass less than open flavor heavy meson threshold

One parameter per quarkonium state Caswell, Lapage (1986)

0 NRQCD model: 1986 - QWG revew: 2004, 3010
All pairs with various probabilities —- NRQCD matrix elements
Infinite parameters — organized in powers of v and o

. 4. Nayak, Qiu, St 2005), ...
0 QCD factorization approach: 2005 - e i Stommaa 010,
P:>>M,: M, /P; power expansion + o  — expansion
Unknown, but universal, fragmentation functions — evolution

[ Soft-Collinear Effective Theory + NRQCD: 2012 -

Fleming, Leibovich, Mehen, ...



Color singlet model (CSM)

Campbell, Maltoni, Tramontano (2007),

a Effectively No parameter' Artoisenet, Lansburg, Maltoni (2007),
) Artoisenet, et al. (2008)
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< How reliable is the perturbative expansion?

< S-wave: large corrections from high orders

< P-wave: Infrared divergent - CSM is not complete



Color evaporation model (CEM)

L One parameter per quarkonium:
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d Question:
< Better p; distribution — the shape?

< Need intrinsic k; - its distribution?



NRQCD - most successful so far

(J NRQCD factorization:

doA{BsH+X = Z dUA+B—>QQ(n)+X <OH (n)>

n

d Phenomenology:

See Kniehl’s talk
< 4 leading channels in v

3 S{”, 1 S([)S], 3 S{S], 3 P{[IS]
< FUullNLO in o
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d Fine details — shape - high at large p;?

PRL 106, 022003 (2011)
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194 data pomts from 10 experiments, fix smglet <O[3S1[11]> =1.32 GeV3

<O['S,[®1]> = (4.97 + 0.44)-102 GeV3 <O[3S,[81]> = (2.24 + 0.59)-10-3 GeV3
<O[3P,81]> = (-1.61 + 0.20)-102 GeV5
x2/d.o.f. = 857/194 = 4.42

Butenschoen and Kniehl, arXiv: 1105.0820



Anomalies and surprises

Also see Shao’s talk

d Theory - the state of arts — NLO:

< Very difficult to calculate, no analytical expression

hard to obtain a clear physical picture on how various states of
heavy quark pair are actually produced?

< For some channels, NLO corrections are orders larger than LO

questions whether higher order contributions are negligible,
while it is extremely difficult, if not impossible, to go beyond the NLO

d Comparison with data:

< Quarkonium polarization — “ultimate” test of NRQCD!

Clear mismatch between theory predictions and data

< Universality of NRQCD matrix elements — predictive power!

Clear tension between different data sets, e*e-, ep, pp, ...
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do/dp; (pp—>J/y+X) x B(J/y—py) [nb/GeV]
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NLO theory fits — Gong et al.
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do/dp; (pp—J/y+X) x B(Jhy—pp) [nb/GeV]
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NLO theory fits — Chao et al.
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Why high orders in NRQCD are so large?

Kang, Qiu and Sterman, 2011

A Consider J/ ¢ production in CSM:

LOinag NLO in a/g , NNLO in &
3™MQ : 4 Mg 51

NNLP o &% NLPin 1/P; & G55 LP: X Qg7
T T T

< High-order correction receive power enhancement

< Expect no further power enhancement beyond NNLO

&> o 111(29%/77123)]" ruins the perturbation series at sufficiently large p+

Leading order in « .~-expansion =|= leading power in 1/p-expansion!
At high p,, fragmentation contribution dominant



QCD factorization + NRQCD factorization

. Kang, Qiu and Sterman, 2011
O Color singlet as an example:

o e
% o K ——— NLOCSM ]
= 0o01p N
S N~
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52 10 —
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0.6
$(LO) (LQ) = —07§
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Reproduce NLO CSM for p;>10 GeV! ' 20 30 40 50
Cross section + polarization

QCD Factorization = better controlled HO corrections!



QCD factorization + NRQCD factorization

Kang, Ma, Qiu and Sterman, 2014
doayBoH+x(PT) = D d6aipsix(pr =p/2) ® Duss(z,mq)
f

+ Y doarpaigam+x (P(1£()/22,p(1 + (') /22)
[QQ(k)]

®Dp/10amy (2 €'y Mq)

O Channel-by-channel comparison with NLO NRQCD:

25—

Dominated by LP | independent of
K : NRQCD
2ot st sy P 1 ~matrix elements

NRQCD
NLO

LO QCD analytical
results
reproduce
NLO NRQCD
calculations
(numerical)
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QCD factorization + NRQCD factorization

Kang, Ma, Qiu and Sterman, 2014
doayBoH+x(PT) = D d6aipsix(pr =p/2) ® Duss(z,mq)
f

+ Y d6aspoi0ae+x (P(1£()/22,p(1 £+ (') /22)

[QRQ(x)]

®Dp/10amy (2 €'y Mq)

O LP vs. NLP (both LO):
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Matching between QCD and NRQCD

Kang, Ma, Qiu and Sterman, 2014

d Expectation:
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Matching between QCD and NRQCD

Kang, Ma, Qiu and Sterman, 2014

d Expectation:
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do d QCD
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Mass effect + expanded P; region ( P Z meq)



Production at low p; (<M )

1 Spectator interaction — always there:

) Interfere with the formation
Pt~ MgVs, MgV of the quarkonium
Process dependence

PDF

(P, Y)

Perturbative Non-perturbative

Ar < ——
2mQ

O The bad:

Process dependence — Break of factorization — No predictive power

d The need:

Controllable calculation of the medium effect?



Production atlow p; (<M )

Ma and Venugopalan

d Small-x “TMD” approach: Phys. Rev. Lett. 113 (2014)
— assuming factorization

CGC+NRQCD
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Also see talks by D. Boer and K. Watanabe



Production in p(d)+A collisions

 Factorized production: Also see Boer’s talk
. . | Coherent soft interaction and Arnaldi’s talk
A \

" —>— Quarkonium
./\/ )\ ‘ J

\ Y
Perturbative Non-perturbative

Ar < L Same wave function
2mQ

Almost Not affected

Nuclear PDFs




Production in p(d)+A collisions

Also see Boer'’s talk

O Multiple scattering: N
P 9 | Coherent soft interaction Ll

A .\ ‘

\ Y
Perturbative Non-perturbative

Ar < L Same wave function
2mQ

Almost Not affected

Multiple scattering

Nuclear PDFs

Multiple scattering
could change
spectrum & rate!!



Production in p(d)+A collisions

Also see Boer'’s talk

O Multiple scattering: N
P 9 | Coherent soft interaction Ll

A .\
./\/ J N\

\ Y
Perturbative Non-perturbative

Ar < L Same wave function
2mQ

Almost Not affected

Multiple scattering

Nuclear PDFs

Can multiple scattering Multiple scattering
interfere with nonperturbative could change
formation of quarkonia? spectrum & rate!!



Summary

d It has been over 40 years since the discovery of J/ Y

O When p; >> mgat collider energies, earlier models calculations
for the production of heavy quarkonia are not perturbatively stable

LO in o -expansion may not be the LP term in 1/p;-expansion

d QCD factorization works for both LP and NLP (o, for each power)

< LP dominates: 35?1 and 3P38][ ] channels
1

< NLP dominates: 1g'¢/ and S}’ channels
< From current data: 3P£8] likely to cancel 35£8]
the production dominated by ! g'¢!

O Nuclear medium could be a good “filter” or a fermi-scale detector
for studying how a heavy quarkonium is emerged from a pair of

heavy quarks
Also see Zein-Eddine’s talk

Thank you!
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Heavy quarkonium polarization

O Measure angular distribution of u*u~- in J/\p decay

O Normalized distribution — integrate over :

3 2
I(cos @) = 1+ acosO”
( ) 2(a + 3) ( )
+1 fully transverse Also referred as
o = 0 unpolarized Ao

—1  fully longitudinal by LHC experiments



Heavy quarkonium polarization

Ma et al. 2014
O Polarization = input fragmentation functions:

< Partonic hard parts and evolution kernels are perturbative
< Insensitive to the properties of produced heavy quarkonia

 Projection operators — polarization tensors:

p"p”
D b)) =g+ | |
A=0,+1 p Unpolarized quarkonium

1 . 1 pPnY + p¥nH
PR =5 3 0K = | g+ P
A==*1 p
Transversely polarized quarkonium

PL(p) = PP () ~ 2P ) = 5 [ = S| [ = P
I, D)= p T P pQ P 2% -1 p 2% -1

P (p)

Longitudinally polarized quarkonium

for produced the quarknium moving in +z direction with
p'=p*.p",pL) =p7(1,0,0.) p>=n%=0

n“:(nﬂn_,nL):(O,l,OL) p-n=p"



Theory predictions on J/ polarization

NRQCD CSM
. = 1 7 7
03 (a) 1 ¢ | [0
0.6 2 Dy 0
04 o (DFData g. I3 NLO e
0'(2) é_'ﬁk — i:lff(:%cctoDrization_g S 0 NNLO™
e RectOMIZOL N N ———————
.o.zi_ e { : 8
04 3
061 E é"0~5 g -
e s T e S —
pr (GeVie) SR [/ I R B |

Cho & Wise, Beneke & Rothstein, 1995, ... P‘|’ (GQV) Gong, Wang, 2008
Lansberg, 2009

< NRQCD: Dominated by color octet — NLO is not a huge effect
< CSM: Huge NLO - change of polarization?
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Leading power fragmentation — Bodwin et al.
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