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OVERVIEW

Quarkonium: Bound state of a heavy quark anti-quark pair
mgq > Nqep
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NRQCD

Bodwin, Braaten & Lepage; Luke, Manohar & Rothstein; Pineda & Soto

Appropriate EFT for Describing Quarkonium Dynamics:
Non-Relativistic QCD

e Remove the heavy quark mass (like HOQET) from QC
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e Power counting in relative velocity v < 1 (not 1/mg)
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e Separates the scales: mqg, mov, mov”



QUARKONIUM DECAY

Bodwin, Braaten & Lepage

Inclusive & Semi-Inclusive Decay Rates can be Calculated via the
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QUARKONIUM PRODUCTION

NROQCD Factorization for Production

e |nclusive Production Cross Section

ola+b—H+X)=>» 6(a+b— QQ(3) + X){(0|0OF|0)
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QUARKONIUM PRODUCTION

Bodwin, Braaten & Lepage

e J/1 Production at large p. in hadronic collisions

do

e () + X) = /dxlfi/p(xl)/d@fj/p(@)

x> " 6(ij — ce(B,p1) + X){0]05 |0}
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QUARKONIUM PRODUCTION

Cho & Lebovich
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QUARKONIUM PRODUCTION

e J/1 Production at large p. in hadronic collisions
5(a+b— ce(35) + X)(0|07/*(38|0) is specia
Fragmentation: —— (47 — J/9¥ + X)octes
dp 1
do
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QUARKONIUM PRODUCTION

Gluon Fragmentation

e Sum Logarthms: Run from p to 2m..

dD,_, as(p) [1dy 2
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QUARKONIUM PRODUCTION

Polarization
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OPEN QUESTIONS

|. What about IR behavior?
2. How about summing logarithms in all the other contributions!

3. Are the NRQCD production matrix elements really universal?
4. Wil the prediction for polarization change!?

Answers from SCET:

(Also from QCD factorization: Kang, Qiu, Sterman)

|. Gauge Invariance from Wilson lines.
Running of production operators sums logs.

No! NRQCD production matrix elements are not universal.
M Be.

= SR
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SCET APPROACH

Fleming, Leibovich, Mehen & Rothstein

Quarkonium production at large p, In pp collisions:

V5~ pL > mg

|. At p~ p1 match QCD onto SCET with massive quarks
2. Factor differential cross section

ERERUM fo n~ mg

4. Match onto NRQCD




SCET APPROACH

“(P,{)
L W
pnNEn ) T _(1707071)
By B %n’“’; n* = (coshy, 1,0, sinh )
2 2
Px &~ P

Integrate out X : match differential cross section

do

dp | (pp — H(pL) N X — Z /{d&} dzy dxo (35(&7%17@)

sz/p(xl)fj/p(@)Dﬁ (€i)
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MATCHING

An Example: ¢g — QQ

2 0 2
Q . 0
S M e
O(1) O(\?) A~mq/pL
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alzTL(PlﬁH T i =E 2 — Z/{dfz‘}dl’l dzo 67 (&, 21, T2)
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Dg—>H(Z) DQQ,QQ—JJ(“? U, Z)



MATCHING

E <
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MATCHING
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RUNNING
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Efremov-Radyushkin-Brodsky-Lepage Evolution in u, v

d 1
pr——D2L  (wv,zp) = [ dwV (u,w; p) Dy

i QO—H . QQ_>H(w7U723M)

DGLAP Evolution In 2
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MATCHING NRQCD

DQHH(Z)
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Octet Matrix Elements

Depend on Quarkonium

Less Universal than Supposed

Direction:



POLAR\ZAT\ON FIX? MAYBE!

d —(pp— J/Y(pL) + X)
Pl
35l o — 0 d_a(SS[l])
But dij : %8] ~ A" Extra Suppression
35[8] o — ]_ dp—J_( Sl )

SCET Matching Coefficient at High Scale For a QQ
Configuration that results in a colorsinglet °S; QQ pair

Expansion in a,(p.) and A ~ —2
0 PL
1(LO
(D (a?) + D (at) +..) DI (u,v,2

[l + .. ) Do
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POLARIZATION FIX? MAYBE!

However

PIBILO)

QQHH(U,U,Z)

as non-zero LO inas(x a2 ) matching coefficient
Generate color-singlet through running

e : 1

Wil degrade the polarization... But is it enough?!?!/!



POLARIZATION FIX! MAYBE!

One-Loop Esti
QA(8) — QQ(1)

Mmate

Mixing

Kang, Qiu, Sterman
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Vs=1.96 TeV
lyl<0.6
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Still a factor of ~ 5 smaller than Octet Fragmentation



CONCLUSIONS

e Rigorous treatment of momentum region between p.1
and mq Is crucial for an accurate description of
Quarkonium production at high P

* May resolve the polarization problem, but this has to
walt on a complete analysis




