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Perturbative QCD

d QCD Lagrangian:

1 6
. N JLV ~ 7 ;
Lacp = 5 GG + > 7iDq DF = 9F 4 igAX
Ng=
a Asymptotlc freedom and perturbatlve QCD:
n
0.4 -L".'. l1 Lh)’:;r.‘::rgmll-tl..::h - ° 7] Pert Z 272'
AN -t = .
oo Lizs mev —- s Infrared Safe
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T S
| , <* Renormalization scale:
1 " 9r1Gevy "™

J PQCD factorization for hadronic observables:

O-Hadronic(Q’l/fm ZO-Pert Q, ﬂF)®¢(/’lFﬂl/fm)+O£1/fmj
p 1 :
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Non-Relativistic QCD (NRQCD)

O NRQCD Lagrangian: ENRQCD — Elight + ﬁheavy + oL

3or4 Caswell, Lepage, Phys. Lett. B, 1986
ﬁlight — U G”VG#W + Z q @lDQ Bodwin, Braaten, Lepage, PRD, 1995
D2 ' D2 Pauli spinor for antiquark
Lyeavy = U Dy +— 1| ¢ + ' | 2D, — Y
heavy Y ( t 2‘11.—) . X t N X
24 Pauli spinor for heavy quark
5£biline¢r — 3 :u— (L T - XT (DE)E}L) P yq

81[ (LTEDKQ’E gE x iD) - o + XT(ligE—gExiD)+JI)

+ 52 (V9B o)y — X'(9B-0)x).
 Limitation:

Powerful for a process with available kinetic energy: Mv2 <« Mc?

< Formalism is ideal for heavy quarkonium decay oRD. 1an e hepage
% Additional complications for production with s >> (2M)?
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Heavy quarkonium production in NRQCD

O NRQCD factorization for heavy quarkonium production:

A Bodwin, Braaten, Lepage, PRD, 1995
O'NrRQCD (S, M ) = ZGQG[n] (S, M,a, (M )aV)<On> Brambilla, et al. hep-ph/0412158
n \ J Lansberg, hep-ph/0602091, ...
Y A\

Infrared Safe Universal — Predictive power
% 0, =y’ |N,HYN H|y'c = y v (ala, )vicy
oo &Qé[n] ZS, \ A (I\/I ),V) : power series of both o (I\/I ) and V

with heavy quark velocity: V
O This factorization formalism has not been proved

1 Expectations:

< It works for inclusive heavy quarkonium production when

2M < s < 4M, unless for exclusive production Nayak, Qiu, Sterman, 2005, 2006

with a proper insertion of gauge link, the formalism works to two-loop

< It does not work when additional heavy quark velocity is involved

such as, the associated production Nayak, Qiu, Sterman, PRL 2007



Heavy quarkonium associated production

4 Inclusive J/y + charm production:
olete” — J/icC)
Belle: (0.877%; % +0.17) pb g:foe,l?_\;,igct)\?ilc1h?91296
NRQCD-LO: ~0.07 pb

Yuan, Qiao, Chao, 1997
U Ratio to light flavors:
olete” = J/pce)/o(ete” — J/PX)
Belle: 0.597013 +0.12

Zhang, Chao, 2007 (NLO)

Message:

Production rate of €'€” — J/wCC is larger than

all these channels: €'¢” — J/z//gg , ee — J/l/lqﬁ,
combined ?
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Associated production at B-factory

—

0 Kinematically preferred configuration:

(Pep) =
Production rate of a singlet charm quark pair is dominated by the
phase space where s;=(P+P,+P;)? or s,=(P,;+P,+P,)? near its minimum

L NRQCD formalism does not apply when there are more than
one heavy quark velocity involved

O Color transfer enhances associated heavy quarkonium production

o "

A heavy quark as a color source to enhance the transition rate for
an octet pair o become a singlet pair Nayak, Qiu, Sterman, PRL 2007
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Soft gluon enhancement — color transfer

[ Soft gluons between heavy quarks: active pair: P,, P,; spectators: P,, P,

Q There are three heavy quark velocities: 3;; = /1 —4m?/(P, + P;)?
NRQCD approach is not well defined in this region

0 Soft gluon between a heavy quark pair:

_ 2/ dD;{ '_1:P3'Pj
7] @m)D [2P; k + k2 + ie][—2P; - k + k2 + i€|[k2 + ie]

L2
& ,Bij
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Associated production is enhanced

O NLO correction to the amplitude:

,.81 3 82 3

Im {A13 + Agg} = % A(O)(P@-) [

Does not contribute to NLO production rate in NRQCD  zhang, Chao, PRL 2007

O Estimate the enhancement factor from NNLO in NRQCD approach:

%+ Velocity expansion:

- | B — | —%

! 1 4 gs- 4 4 . m2 — ¢
— — =~ ——3 — U COS O
B1s Pas ;35 m2 B |

. . P"u — / ‘- _|_ q
< Velocity-ordered region: ’ m? 8
B <1, v <1 Py = (2m,0) and qs-Py = 0
s

P

All other two-loop diagrams give a single pole ! Nayak, Qiu, Sterman, 2007
October 17, 2007 9 Jianwei Qiu, ISU
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Numerical enhancement from NNLO

O LO hard parts with color factor
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Two terms are equally important if S, ~0.3

Kang, et al. 2007

Same feature for heavy quark fragmentation

1, ISU
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Hadronic heavy quarkonium production

0 NRQCD factorization has not been proved theoretically

d NRQCD Factorization fails for low p;:

Low pt requires pQCD k,-factorization

Collins, Qiu, PRD 2007

1 NRQCD Factorization might work for large p;

Spectator interactions are suppressed by (1/p;)"

Factorization is necessary for the predictive power
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Combination of pQCD and NRQCD

. . Also see Lansber
4 Heavy quarkonium production when P, >>2M In the Worksho%

2
. [Lj SR
G P G B (2m)
When B’ > (2M )2 fragmentation contribution dominates the production

 Combination of pQCD and NRQCD factorization (not yet proved):

<+ pQCD factorization to isolate heavy quarkonium physics into
the universal fragmentation function

“» NRQCD factorization to isolate non-perturbative physics of
the fragmentation function intfo NRQCD matrix elements

October 17, 2007 12 Jianwei Qiu, ISU



PQCD collinear factorization — 2 steps

Nayak, Qiu, Stermen, 2005

O Step 1: Fragmentation factorizes from the rest

Reduced diagram

Fragmentation

function

October 17, 2007

Still has long-distance physics
due to incoming hadrons
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O Step 2: Cancellation of remaining IR final state:
Note: Uncut loops are short distance

Remaining soft-interaction absorbed into the Wilson lines of PDFs
H is IR safel

October 17, 2007 14 Jianwei Qiu, ISU



Fragmentation function

O PQCD Factorization at large p-:
doarp_nex(pr) = Z Ao a+B—irx (pr/ 7, 1) © Dy iz, me, ) + O(miy /p7)

O Universal fragmentation function — single parton to a hadron H:

e.g. a gluon to a hadron H (such as J/v):

1 R
Dyrsg(z,me, 1) o< ETTCOIOT‘ dr—e k7

< (FH(0) [0 (0)]T ag (P) aly (PT) @ () F3f (y7))
O For the fragmentation function, all that is left is the gluon source:
S |2 Gauge link: L Tk

k
/ tl‘\ - - l ,
S —59/ n- ALY (@7 + )\)”)] \
0

- <—gn
‘I/(n-k)/

<I>(_g)(:r_) = Pexp W

O A necessary condition for the universality:

The fragmentation function is independent of the n*

October 17, 2007 15 Jianwei Qiu, ISU



Connection to NRQCD factorization

O Proposed NRQCD factorization:
. ~H
dﬂr_4+B—uH+X(pT) — Z dg.4+B—xcE[n]+X (PT) <On }
L
O Proved pQCD factorization for single hadron production:
doarp_Hex(pr) = Z Ao a4+ B—irx (1) 2, 1) @ Dy gz, me. ) + O(miy /p7)
O Prove NRQCD Factorization

4===p To prove: DH/!, <, Mg, ,Ue Z dz,—fcc&*l 7 s s TnC) <Of>
at 4, ~ 2mc

with % dy_ czpn) (2, 1, M) IR safe

\/

< (OH) gauge invariant and universal

%+ independent of the direction of the Wilson lines

October 17, 2007 16 Jianwei Qiu, ISU



Need to modify NRQCD matrix elements

0 Conventional operator definition (QQ rest frame)
O(0) = XTK,10(0) (a};aﬂ) WX (0)
QO %, X are heavy quark, antiquark fields

Q K., K. Products of color and spin matrices,
covariant derivatives

Q Fields at 2 = 0 but O, not truly local

O Operator-valued gauge transformations )
(as to AT = () gauge) do not commute with ﬂ}qﬂ-H

3 Only color-singlet K's give gauge invariant O's,
the color-octet operators are not gauge invariant

Nayak, Qiu, Stermen, 2005
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] Resolution: supplement fields by Wilson lines — gauge links:

Oz, A] = exp {ig /0@ ANl - A(x + AZ)}
O Our new, gauge invariant operat;]rs:
OH(0) = \'K,.ct0(0) ][0, At (a};aH) 1[0, AJpq XK, ,1(0)
0 Two remaining questions for NRQCD factorization:

DH/.L Z, Mg, ,Uf Z dz,—fccn 7 y s ?nC) <Of>

% Are the "coefficient" functions d,_. .zn(2, it, m.) IR safe?
Our NNLO answer is no ====p The gauge links are necessary
< Do the gauge links absorb all IR divergences?
Can’t tell yet for sure. OK at NNLO

An all-order proof of NRQCD factorization at high P+
is still lacking, and urgently needed

October 17, 2007 18 Jianwei Qiu, ISU




Summary and conclusions

U

NRQCD formalism is ideal for heavy quarkonium decay

O

NRQCD formalism does not apply for associated production

due to multiple heavy quark “velocities”

O Associated production of heavy quarkonium could be strongly
enhanced by the soft color transfer

0 Combination of PQCD and NRQCD factorization might work
for hadronic heavy quark production at high P

0 NRQCD factorization for the fragmentation function is valid
to the NNLO order in a at a finite v

d An all-order proof of NRQCD factorization at high P is still lacking,

and urgently needed

Thank you!
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Factorization works to NLO at v2

d LO:

P/2+q
T

PR-g

[~

d NLO:

[
AN
Color neutralization is IR divergent - nonperturbativel

[

e

i/ Short-distance B
n=[QQ]..
A [ ]smglet

Eikonal line

Velocity expansion: éﬁ + Q = =?=l + O(v2)

. A2
_ 1.6 Xs qz 1 +...—p | Topologially-factorized
e o the matrix element (O, )

D 4D G

IR divergences cancel between real and virtual diagrams

October 17, 2007
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Factorization fails at NNLO

] Diagrams:

(V) (V) (VI)

O All IR divergences cancel
between real and virtual
diagrams, except

October 17, 2007 22 Jianwei Qiu, ISU



Explicit calculation at NNLO at v2-|

A The infrared divergent expression to order g2 ~ v2:

(2¢) Caae [ Ak ARy o
SR = 100" [ sy 2D Vil
< A" (P - k) = (q- k)P {7 (P - k1) = (q - k2) P7]
y 1
(P -k 4 i€]? [P - ko — i€]?
1
X

(k3 — i€] [(k2 — k1)2 —ie] [~ (b1 — ko) —i€]’

1 The result is:
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Explicit calculation at NNLO at v2 - |l

d In heavy quark pair’s rest frame:

,172

‘ | , 1
L ol _ 2t v
“Bal) = digogms = oy g

O IR poles would appear in coefficient function at NNLO
unless we have eikonal interactions to absorb them

O This non-topological IR divergence Cannot be
absorbed into the conventional NRQCD matrix elements

1 Can be absorbed into the modified matrix elements

October 17, 2007 24 Jianwei Qiu, ISU



Factorization at a finite v?

0 Velocity expansion is not efficient for charmonium
<+ Large phase space available for gluon radiation:
Q2 —4|\/|é :>4|\/|é —4|\/|c2: ~6 GeV?*

< Large possible velocity in broduction:

ke, AM2 —4M?
< Very different from decay:
AM3, —4M?
Udecay ™ 1MZ ~ ().48

U High order terms are very important

Still no solution for the polarization data
even if NRQCD factorization is valid

October 17, 2007 25 Jianwei Qiu, ISU



Factorization at NNLO and all order in v2

1 Calculation with a finite v

O T BBl B

%\\ gu s
W P_r F_l‘ j‘cgﬂ'l P_r P_r
A g g A
B %ﬂﬂﬂ@w o) /i aagoss”

Krk“- *‘%T kr&.f- "';

= |2
with Qo
f(ft'r): 1~|~’U2 F:QT/E*

2E* 1s the total energy of the heavy quark pair
(QQ rest frame)

d Reproduce the v? result when expanded
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Significance?

0 The IR poles at all orders of v-expansion at NNLO are independent
of the direction of the Wilson line and universal
- consistent with factorization

O Although limited to NNLO, our result suggests that the decoupling
of light parton dynamics from heavy quark pair production is
robust in perturbation theory at the level of infrared divergence
- high orders?

[ Although the eikonal approximation do not cover many terms in
general NRQCD velocity expansion, in particular, those dealing with
spin, it should cover all perturbative infrared divergences
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