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Heavy quarkonium, produciton models

> Effectively, a non-relativistic QCD system:

Charmonium: v? ~ 0.3 Bottomonium: v? = 0.1

Potentially, could be similar to a QED bound state, like positronium

> Multiple well-separated scales - ideal for effective theory:

Quark mass: M
Momentum: Mv M >> Mv >> MvZ2~Aqcp
Energy: Myv?2

> Historical mostly used production models:

Einhorn, Ellis (1975), Chang (1980),
« Color singlet model (CSM) : 1975 Bergerand Jone (1981), ...

« Color evaporation model (CEM) : 1977 Fritzsch (1977), Halzen (1977), ...

* NRQCD model : 1986,1994 Caswell, Lapage (1986)
Bodwin, Braaten, Lepage, 9407339

It was proved that both CSM and CEM are just special cases of
NRQCD model. Bodwin, Braaten, Lee, 0504014
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> S-wave channel (3s'1):

« Large corrections are first found
for NLO relative to LO

* The estimated NNLO* contribution
is still larger then NLO
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~ Large high order corrections in NRQCD
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» P-wave channel (°P;_, ,):
« Large NLO corrections are first found
for CS channel, but with negative sign
« |ater CO channels are found to have
similar behavior
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Explain the large corrections
> LOin a; but NNLP in 1/p4:

3 SP]

YQM, 1207.3073
4

. m .
déto m‘é The behavior o p—ff persists even
T

T8 0600

~a§f’ (pr)—%

de PT calculated to all order in vZ.

R EEE

> NLO in as but NLP in 1/p+: quark pair fragmentation

Kang, Qiu and Sterman, 1109.1520

2 Relativistic Projector to
NLO > states all “spin states”
dé .
$(p1)
dpt == @ as(u) log(u®/ug) mj 1o = 2mq

> NNLO in a; but LP in 1/p;: guon fragmaentation &raaten, vuan, 9303205

s gt

LP contribution numerically not large, thus NNLO will be still dominated
by quark pair fragmentation for a quit large range of p;, which is NLP.

~d6"N a2 (py)

dp? pr

v Similar explaination for large corrections of 3P][1'8]
NLP, while NLO in a, gives LP.
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channel: LO in a, gives




~ Newapproach is needed!

Conclusion: LO a, expansion = LPin 1/py expansion!|
Question: How reliable is the perturbative expansion?
> pQCD factorization approach: leading power o v os0am0c

* Pick up the LP contribution, resummation Nayak, Qiu, Sterman, 0509021

* Not good enough: e.g. for 35[11] and 15{,8] state, which are dominated by NLP.
> PQCD factorization approach: up to next power

. . Kang, Qiu, Sterman, 1109.1520
Can be proven to all order in s Kang, YQM, Qiu, Sterman, 1304.xxxx

« Application range: p;r > My ~ 2m,,
* Double expansion: My /pr power expansion + ¢.—expansion
« Take care of both power expansion and resummation of the large logarithms

> Effectively, SCET factorization approach can give equivalent
formula once the pQCD factorization is proven. (next talk)

Fleming, Leibovich, Mehen, Rothstein 1207.2578
« If SCET factorization is argued to be valid, pQCD factorization may not work.

« If pQCD factorization is proven to be valid, SCET factorizaiton should work

IHEP, Beijing, China 22 April, 2013 ‘ Yan-Qing Ma, BNL 6/23




e

i

Perturbative factorization approach

> ldeas:

o/ + - ?
PP

Nayak, Qiu, Sterman, 0509021
Kang, YQM, Qiu, Sterman, 1304.xxxx

At high pT,
dominant contributions
come from the region
of phase space where
active partons are
close to mass-shell

> Collinear factorization — an “EFT” of QCD

* Integrate out the virtuality of active partons — power expansion in 1/pT

« Match the factorized form and pQCD at the factorization scale: pg~pT

o(pr/m, os(p)) = 6(pr/pr, 1/ e, as(p) @ D(pp, as(p)) + O(1/pr)

* Ue—independence: evolution of non-perturbative PDFs or FFs, ...
« Predictive power: Universality of PDFs or FFs, evolution, ...
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Single parton fragmentation

Nayak, Qiu, and Sterman, 0509021, ...

> Perturbative pinch singularity:

P

Dominated by k?~ 0 region
[/\

1 1
+ 7€ k2 — 1€ Dg_d/w(k’ P)

OC/d4ngg—>g(Qak) 12

1 1
N/—koJ_ g9—a(Q, k” —0)/dk2k2+26 L2 — 4 Dg_’J/"#(k’P)

AN

Long-lived parton state

> Parton model collinear factorization:
Fragmentation function

1 l 1
k2 + ie k2 — e Dy_.yy(k, P)

k1 <<Q z=P-n/k-n

~ dZH gqg(Q,z[P n/k - n)/dk?d?kL

z

Short-distance part
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| Factorization: fragmentation at leading power

o R . Nayak, Qiu, and Sterman, 0509021, ...
> Leading power single-hadron production:

P expj.ﬁ-A

doarp_Hix(pr) = Z do st p—izx(pr/z. ) @ Dy iz, me, p) + O(miy /pF)

> Fragmentation function — gluon to a hadron H (e.g., J/yp):

1 4
DH/g(vacnu) X —Trcolor/dy_e_m-l_y

P+
(0| 0)[ @ (0)] an (PF)al,(PT)@Y (y7) Fy* (y7)[0)
Cannot get fragmentation func. from PDFs or decay matrix elements

IHEP, Beijing, China 22 April, 2013 ‘ Yan-Qing Ma, BNL , 9/23 l




Production of heavy quark pairs

> Perturbative pinch singularity:

. Scattering_amplitude:

Kang, YQM, Qiu, Sterman, 1304.

P* = (Pt,4m?/2P7%,0,)
i S o)
q#q
Dy;(P, q) o< (J/9191(0) x;(»)10)

vV (PR2-g)tm s, v 7 (P2Hg)+m

d*q ~
Mo(/(2ﬂ_>4Tr [H(P,CLQ) (P/2—q)2—m2—|—’i6 ( 7q) (P/2_|_q)2_m2—|—’i€

* Potential poles:

¢ =g} —2m*(¢"/P1))/(PT +2¢") —ied(PT +2¢%) — ¢ /P —ic
q = _[Qi + 2m2(q+/P+)]/(P+ —2¢") +ief(PT — 2¢") — —(ﬁ_/PJr + 1€

- Condition for pinched poles:
P* >» q*(2m?/q%)
P* > 2m
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| Factorlzatlon fragmentatlon at next power

. . Qiu, Sterman (1991)
> Heavy quark palr fragmentatlon: Kang, YQM, Qiu, Sterman, 1304.xxxx

C(p)

Jes

Z d6 41 B1Qamy+x (P(L £ ) /22, p(1£(')/2z) ®Du/iqe) (2 ¢, ¢, mg)
[QQ(x)]

»> Other channels of power corrections:

p

AQCD
P
Pr

Adep
or 0( P2 > O Diyp1»m
T

IHEP, Beijing, China22ApriI,2013 G Yah-Qing Ma, BNL | ‘ v . 11/23

) ® Dc—>H




' Factorization formalism and evolution
> FaCtorization forma"sm: Kang, YQM, Qiu, Sterman, 1304.xxxx

doaypm+x(pT) = Zdﬁa+5—>f+x(pf =p/z) ® DH,:’f(?fQQ]
f produce pair at 1/mq

+ Y d6aspi0amy+x (P(1£()/22,p(1 £ () /22)
QQ(x)
Q) @Dy 1000 (2: ¢ ¢, mQ)

4 4
+ O(mgq/pr) \ produce pair at 1/P;
Kk = v,a,t for spin, and 1, 8 for color.

d
> Independence of the factorization scale: d1n () oa+B—ux(Pr) =0

> Evolution equations at NLP: :
produce pair between [ 1/mq , 1/P] ‘

d o7
T2 Dyj(z,meq, ) = ZJ: By Vi—j(2) ® Dgyi(z, mq, i)

2
) (27r) Bzl 110a1 (%6 ¢) ® Do) (2:¢.¢' ma, 1)
[QQ(K)]

L
112

d

Qg /
din 2 P/ Qa@1(z:¢. ¢ mo, ) = > = Kigawe)—eaw (2:¢.¢)

[RQ(K)]
%Y DH/[Q@(KU)] (Z7 ¢, C/7 maq, :UJ)
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..i Predictive power

> Calculation of short-distance hard parts in pQCD:

Power series in a, , without large logarithms

> Calculation of evolution kernels in pQCD:

Power series in a;, scheme in choosing factorization scale p
Could affect the term with mixing powers

> Universality of input fragmentation functions at p,:

ity

Dyyp(z,mq; to) DujQow)] (2,¢, ¢ maq, o)
> Physics of yy,~ 2mg — a parameter:
Evolution stops when log 1 N 4mg,
(4m3) I

Different quarkonium states require different input distributions!

x
|
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!‘ % Short-distance hard parts

> Calculation of hard parts at NLP level is similar as the
calculation in NRQCD factorization, but with two differences:

- Set heavy quark mass m, as zero Kang, Qiu, Sterman, 1109.1520 P, = P )Pf c
* Using the relativistic spin projectors Bt
C _ 5B 2 DO L@ o p p. =t ke,
q3—[QQ(c)lg 93—[QQ(x)]g [QQ (k)] —=[QQ(c)] 99—99 g—>[QQ(c)] )
53 -3 e (1) T
_ %qq—1QQlg — qq—>[QQ]g P99 @ Dg—>[QQ] as(2mg)
e §( (2mq)?
pe PT
W Y
?43-1QQ(0)lg ):f( ><£f(
p® . 1 Puny + by P’
Pootea \{% ):5[_QW+ o _(p-n)2n”nV]

» Calculate to NLP, even tree-level needs subtraction!
Set m, = 0 with care!
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e Evolution kernels: 1 - 2

> Expand eVO|uti0rl equation tO O(ag): Kang, YQM, Qiu, Sterman, 1304.xxxx

J - dz’
51— Digauny (2 #5,0) :/ — Dlgnnye#5w:0) 155217

dz2’
—/ - / du/ dv’
~! (2) o
*Digausnyiaaen (2 4+ V'3 0) Vg (/75 V)

d1n p?

() R S v T ot ar — agt ay ol
D[QQ(SI]];'[QQ(H’]](2-'-“’?E"u‘- v) =0% 67 (1l —z/2")d(u—u")d(v—1)

> Using the form of zeroth order fragmentation function:

Lo . __9 po 2
,u,? 'QQ(sI) ff( u,v) = ijQQ(sf)];f(zsﬂ ju,v)

ld.,f
B 2 ) Lot o) A D) ()
/ — Diaoen)e(#50) Vg p(2/7) -
= (1-u)P (1-v) P P

” = \§p;’* ;fy( — Ay "
\ u V

Example: “q - QQ

2

(2) ) ooy [ dp? NZ—18(1 - 2) (1) e _
Pragus(#54: v 44) _[ (p2)? {QQ ( N, 2 D 0owsy g2t v) =0
|
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s Evolution kernels: 2 - 2

> Mismatch of “+” momentum integration range
between the real and virtual dlagrams ; Kang, YQM, Qiu, St_erman 1304.xxxX

— B F

(1 —z)P+ k+ € (0 P+) K € (0 (1 —z)P+) k+ € (o, pQ ) k+ € (0,P3/P3)

Z

> Consequence of mismatch: our results | [ 55 — [" 55 = [ % < nguo/u)

251

k* k* k
have uncanceled /ogarithmic terms

Logarithmic terms depend on the definition of “plus functions”, one may
eliminate the logarithm by choosing different definitions. Our definition:

J{(f(v,v") 1o g(v)dv = fo (v,0")0(v —v") + f(v,0")0(v — 0")] g(v)dv
J (f(v,v") 1o g(v")dv" = 01 [f(v,v")8(v — ") + f(v,0")8(v — v")] g(v")dv'

{ f f v, v’ -|—1 g( d[: — foi [f(’t.—‘? U}_\]Q('U - U’} s f(ﬁﬁ;\]e(ﬁ — ﬁ’) / v'u
[{(f(v,7)) 11 9()d" = [y [f(v,0")0(v — )+ f(0,9")0(0 — )] [9(v") — g(v) — log L] dv’

1 1 ]g9(z) —g(1) — log
/(13)+g(:)ri,:£[ L T = Jd.:
i
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Evolution kernels
One - two
TWO - tWO Light quark case:
SN2 —18(1—2
Py1—v1 = Pa1—a1 =3 — Po))CrAp + CrA,, 7"[((322(1/'8)]/(1 = a] i\ ( ) !
Pi—s1 =(3 —[So)CrAo + CFA 2 _ O _ @ _ @) 2 —0
1 : ] "eQ(1)]/q 1QAd))/a — TQAa))/q — TQQ(s)/a — QR /g —
Pyg—v8 = Pag—as =(3 —[So)CrAo — —Ay + — Sy 3
2 \ 2N, 2(1 s Heavy quark case:
1 - 1 2 3 3 o o _
Pig_.:s =(3 — o) CrAp — WA,, e T AT <S+A[j] S8 S_A[i’]) @) 2 ;\‘3 -1 i 1—z4N.a(1 — zu) + z(1 + za)
2N, 2N 2(1 - 2)4 awsl/e T Y ToNE Gp 22 1— zu
AN (1 — zv) + z(1 + 27)
Pisoeut = Pas—a1 =3 z g Kang, YQM, Qiu, Sterman, {1 304.xxxx AX T
“(1 _"’) (2) 9 A\vg_l 21_3(1"':17)(]."‘317')
A 5 = O, =
Pis—t1 =31 _2) (S’+A[_l] + SfAE]) \ 'eeE)/Q # N, v (1 —zu)(1l — 2v)
(1-2) o _ N -11-z(+am)(itm)
Pys—a1 = Pag—u1 —ﬁb NG 'RA@8)/Q STON3  av (L — zu)(l— zv)
P Bl wp = s_ Al A e = a? (‘\? - 1>2 L-zl+ )l + )
8—a8 = "a8—wv8 —21‘,\:,(. 2(1 L ) -8 ’[(Q;)Q((ll)]/Q :2) N, uv (1 — _:z[)(l — z[v)
N2 -1 Negas/e = Voo =0
For1—sys = 4N2 Pxg_.y1, for X,Y =wv,a,t. e el
_ _ Gluon case:
uoou vov
So =In(unve), Si= ( _—,) (—, i—,) ) o N ‘
“ ) ot/ Ao D e = 02— 4 2 [4(1 — 2)? — 4(1 — 2u@E — 20B)(1 — 2)*(2 + 2)
Ag =6(1 — 2)d(u — u")d(v — v") el AuT L &
1] ) o R , ) , +(u—a)(v —9)%(22" +22° — 327 — 4z + 4)]
AL =[0(u—z2u') £ 6(u—zw)] [d(v — 20") £6(0 — 20")], N2 _ 4
: - - - +—<_—(u—a)(v—o)[* + 1—22}
A[jf] ={(N2 - 2) [6(u — 2u")d(v — 20") + 8( — 20" )5(0 — 20")] Ne ( 3 I+ !
2 [5(u — 2')3(0 — 20') + 6@ — 20150 — )]}, e = g+ (=)
1 o ) 9 1 [N, __ 9 2
A, =601 —2)d(u—u) [<l‘ l!’>+1 — <j>+n + w1 g/ = “umun | 2 (W0 + uv) — N [27+ (1= 2)7]
~(2) — 2 1 [,72 1— 2)2
1 1 TRGEnye T Y wavo - +( 2)’]
A, =6(1 - 2)6(u—u') ; — (= + U v @ ) 0
LS| U/ 4o Teawe T Tieawe
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s - Apply NRQCD to FFs

> Input distributions are universal, non-perturbative:

Should, in principle, be extracted from experimental data

> If NRQCD is valid — only proof to NNLO! .. .. qiuand sterman, 0500021

Replace unknown functions by a few unknown numbers - matrix elements!

»>Apply NRQCD to the input distributions:

 All possible single parton FFs —up to NLO in a; g::g:gg 122"’0%%33222%5’

.......

Dy y/y(2, o, mq) — Z dy—100() (%5 10, mQ) (D106 (0)) INrRQCD
[QQ(c)]

. . . Kang, Qiu, Sterman, 1109.1520
 All possible heavy quark pair FFs —up to NLO in ag  vawm, aiu, Zhang, 13xx.xx

» Divergences at NLO also confirm the correctness of evolution kernels

Dioan—tse (2.6 ¢ m0.ma) — D digawm—ieae)(2: ¢ ¢s 10, m@) (Oga e (0))Nraep
1QQ ()]
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Polarization of 35" channel
Kang, Qiu and Sterman, 1109.1520
> Fragmentation functions determine the polarization

Short-distance dynamics at r ~ 1/p; is NOT sensitive to the details
taken place at the scale of hadron wave function ~ 1 fm

> Heavy quark pair fragmentation functions at LO:

P2 PR P2 PR
PHWB’W P72 P,f‘?\'i %Wfa /2
i =+ ...
\ v \ y
P24 pirg pi2g, RPTR P2 pirg) pi2g, P
D i ir:
NRQCD to a singlet pair Dioa()-/¢ = 2Djgau—»a/v T Pi0au)—i/v
¢ ) 1 {GIL } ro e \ L
Digaasyiapu(# 6 ¢ may 1) = 2N?  3m, AGE) gl =2 [ln w2+ 1) (l 14 TEEJ)]
1 {0y TP 1
IJJ;.?Q[&FII—M’?-LE ¢, ¢, ml’d'f'*f' oN?  3m. ﬂ.l{{,{fjgn{l z) |1 1= 1(2)
' 22,2

where ,ﬁ{;ﬁ“‘gszigﬁ[g a(l —2))6(¢"' —b(1—2)) , r(z)54m2
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Polarization of 35" channel

Kang, Qiu and Sterman, 1109.1520

» LO hard parts + LO fragmentation contributions:

\Vs=1.96 TeV
lyl<O.6

LO (1)
7100(8)] © Poas)»100¢s)

[
Q
P | FErTpd IIIIIII| IIIII|T|'| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| Il

_1II|III|III|III|III|III|III|III|III|

4 6 8 10 12 14 16 18 20
pr (GeV)

LO heavy quark pair fragmentation contribution reproduces
the bulk of NLO color singlet contribution, and the polarization!
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;5 Relativistic corrections

> Leading v? relativistic correction in NRQCD:

dn
dg®t...dg%

P.=P/2+q

Fan, YQM, Chao, 0904.4025
Xu, Li, Liu, Zhang,1203.0207

Complete results:

Large p; behavior: 2.0 — .
Tevatron @ 1.96Tev 77 3s11
- y J<0k —1s08
RLI}{SS:I[_]']) _ G(SSI } _ E - B / -== 3818 -1
IEE) 05 | —ie
=) O T o e .
rosiy — G051 5 | _
1 auE, | GESE) 11 A0 e 7
R! { Sl ) = P = _E 2 /" 4
FesP| A ]
. G (3P 31 | - l
R[]_}[::;P[S]) — F(SP[S]} — _E X _25 1 1 [T NN TN R Y TN TN TN S B N R R
pr>m 3 10 20 30 40

p.(GeV)

Large p; approximation: dominant for p;:>10GeV; gives reasonable
results for p>6GeV.

i
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Relativistic corrections

YQM, Qiu, 13xx.XXXx

> v2 all order corrections

in pQCD factorization:

P.=P/2+¢q

Using leading p; approximation
O(v?) corrections reproduced

Convergence of v? expansion
are found.

[
G 360 aU-lU
n 0 1 2 3 0
s, 6RO (s oa L |0-750|0.815]0.797 0.801
Sy S ROCSH| 11 |0.017]0.024]0.023 0.923
11_ 191, 167
RESEY =1- =6+ — s
(517) 6 72 48
n 0 1 2 3 4 o0
S, 5RO (31 .| 1 ]0.450 10689 0.595/0.630 0.620
S, 5RO (35 4|1 |0817 0.84310.840/0.840 0.840
: 2R, (°PBl) + R,(?P#) 31, 4111 4631 _.
3p[8ly < ta _ 2 _ 3
R(PT) 3 1= 30° " @00° ~ B0a0°
n 0 1 2 3 o0
S OROEPEN| L 1 0.690]0.778/0.753 0.759
SO RUOEPEN| 1 0.897]0.906 0.906 0.906
Yan-Qing Ma, BNL 22123
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!‘ % * Summary

> When p; >> mgat collider energies, earlier models for
calculating the production rate of heavy quarkonia are not

perturbatively stable
LO ina-expansion may not be the LP term in 1/p-expansion

> When p; >> mg, 1/p;-power expansion before o -expansion

pQCD factorization approach takes care of both 1/p;-expansion
and resummation of the large logarithms

> pQCD factorization approach and SCET approach seem to be
consistent in the region where they both apply.

> Preliminary applications already show the power of
pQCD factorization. More works, particularly, detailed
comparisons with data are needed!
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Thank you!



'Anomalies from 1/ polarization in NRQCD

>

CS: LO V.S. higher order

“b‘_‘, ---------------- | e -
1 05| g —
M [ . ’ *
« LO gives transverse polarization = ok NNLO
* NLO and NNLO gives longitudinal T s
polarization Gong, Wang, 0805.2469 & . . .
Lansberg, 0811.4005 5 10 15 20 25 30
Pr (GeV)
T ]
» CO:LO V.S. higher order 13- (a) :
: : - o “@mm | LO prediction:
* NLO corrections for J/psi polarization are 02t oo
° EL . — K_-Tactorization - .
worked out by three different groups 5 Vg ] Cho, Wise, 9408352
. . . g 02 —— Beneke, Rothstein,
* Polarization at NLO can be significantly 042 1 9509375
. . -0.6F = o
different from LO, depending on CO LDMEs - — E
_1-5\.”‘1\0.” L .
1E 3 1c I ] !
0.8 E E 08F -’ E 08
2eE 3 ] e T won 1 ook
e HTILE R e - R B s
< 02 ¢ ! { I EN " E 02 b Yfﬂi 2 —— E
:8é : ————— - Y ;M - -'"'Ti : : o4 B Te\/otro: ) ieeijwn WQS)E
_0_.? » --._._._I ........ e . . — :ﬂ:ﬁ; '\\\\ ’;;;’;:‘j , :8:: 3 y1<0.6 o corrnt L gfr%;t:twm :
5 10 15 20 25 30 -08 Sl CDFRunIl [ S S O N I BN B
by (G S
Butensckon, Kniehl, Chao,YQM,Shao,Wang,Zh Gong,Wan,Wang,Zhang,
1201.1872 ang, 1201.2675 1205.6682
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