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1 QCD, Factorization, Renormalization, and Resummation

O Factorization, renormalization and resummation for
heavy quarkonium production

U Factorization, renormalization and resummation beyond
the leading power

O Non-linear evolution, and quarkonium polarization

0 Summary and outlook



QCD - Unprecedented intellectual challenge

d Color confinement:
“Cross section” with identified hadron(s) is NOT perturbatively calculable

o(S,Mq,Qs) is NOT perturbative no matter how largeS is!
With the hadronic scale: Qs ~ Aqcp

O Asymptotic freedom:

Perturbative QCD could work for dynamics at short-distance: 1/Q
with a large momentum transfer: @) and S > Q > @,

U(Q’57 MQ?QS) — O-LP(Qasa MQ?QS) X [1 + O (%) + ]
O Hard probe (t ~ 1/Q << fm):

Boost = time dilation

€ % WVM }I/.\I'! P
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mm) Probability to “catch” the parton!



Factorization — Predictive Power

O Factorization — Approximation:

Leading non-perturbative hadronic information is factorized into universal functions

Ex: Single identified hadron — lepton-hadron DIS:

€ @ p
© v <4 i i
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~1/Q— xP, k; kA uados QN s
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O'DIS(nyQ) :‘:/CE

The way out: Factorization
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Hard-part
Probe

Parton-distribution Power corrections
Structure Approximation!

Qs
Q

opis(, Q%, Qs) = chf(:v, Q*/u*) @ ¢f($aﬂ2)l [1 +0 (—)n + ]

f

J Factorization — Predictive power:

'O-%)?S (w7 sz QS)

Factorized non-perturbative information, e.g., ¢f(x, ,LL2) is universal,

Controllable power corrections, ...




Factorization, Renormalization and Evolution

J Factorization requires renormalization of nonlocal operators:

O-DIS('CU Q2 QS) — ;Cf<w7 QQ/M2) Y ¢f/h(xaﬂ27 QS) P ﬁ P
¢Q/h($,u2) :/%eixp+y2 <h(p)‘wq(0>7+(l)(07y_)qpq(y_)‘h(p» +UVCT(M2)

d Matching coefficients and factorization scheme:

e (@, Q1) = oty (@, Q%) — s _q(2, Q% Q) @ qsq/q(x,u?,czs)

Q k2 < dk3.
0 0 T L ]

I
N ln(Q2/,LL2) Scheme-dependence of Cf
Leading to scheme dependence
of extracted PDFs, ...

J Factorization leads to evolution and resummation:

d
dln,u s (¥, Q% Qs) = ;Cf(:c,éf/pﬂ) %Y ¢f/h(:l:,,u2,QS) —0
0 _ .
—) b p®) =Y vpi(, o) @ dign(a, 1) Solution of evolution

Oln p = Resummation



Heavy quarkonium production

 One of the simplest QCD bound states:

Localized color charges (heavy mass), non-relativistic relative motion

Charmonium: v =023 Bottomonium: v2 ~0.1

1 Well-separated momentum scales — effective theory:

A
Pr T : : A
mg Perturbative Hard — Productionof QOQ  [pQCD]
mgv T Non-Perturbative Soft — Relative Momentum [NRQCD]
Sl el = AQCD
mgv? T  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?



Color singlet model (CSM)

Campbell, Maltoni, Tramontano (2007),

1 Effectively No parameter: Artoisenet, Lansburg, Maltoni (2007),
Artoisenet, et al. (2008)
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A Issues:

<> How reliable is the perturbative expansion?

<> S-wave: large corrections from high orders

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



do/dp;(pp—Jhy+X) x B(Jy—pp) [nb/GeV]

ole’e -Jly+X) [pb]
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Challenges: NLO theory fits — Butenschoen et al.

I L B B B B B B LI S L L L L .
- - ATLAS data: Vs =7 TeV 7 os E E
lyl < 0.75 O ]
B ] 06 [ PRL, 2011 -
3 ° CDF data: Vs =1.96 TeV 3 - ]
- lyl < 0.6 ] 0.4 F s
E E 0.2 [ =
L . S ofF 33 -
g 3 =< - ¥ 3 3 .
: ] 02 [ { .
E 3 C ]
- 04 [ ~ =
= 0.6 - pp — J/wv + X, helicity frame 3
- T F - CDF data: Vs = 1.96 TeV, |y| < 0.6 ]
E CS+CO, NLO: Butenschén et al. 3 08 CS+CO, NLO: Butenschén et al. |
o b0 oo by by by b by by o _ PR RS U N S S T N S SR S T S SRS R S S S
5 10 15 20 25 30 35 40 1 5 10 15 20 25 30
pr [GeV] (d) Pt [GeV]
| E T T L | T T T T
- - BELLE data: Vs = 10.6 GeV - 60 GeV < W < 240 GeV ]
o CS+CO, NLO: Butenschén et al. 1 g 03<2<09 4
F ; F Q° < 2.5 GeV~© 7
- 3 1F Vs = 319 GeV
- s 10 F g
C = F ]
- ‘S -2
N g 10 E E
I~ >< - 3
r 5_ C
= = -3
~ -
- T 10 F 3
n S -
- ‘_8’ _af o H1 data: HERA1
o I 10 ¢ = H1 data: HERA2 1
- 55 CS+CO, NLO: Butenschén et al.
C 10 - e -
1 10 10

(b) p? [GeV?]



do/dp; (pp—>J/y+X) x B(J/y—py) [nb/GeV]
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Challenges: NLO theory fits — Gong et al.

. ATLAS data: Vs =7 TeV
lyl < 0.75

Vs = 1.96 TeV
lyl <0.6

° CDF data:
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pp — J/v + X, helicity frame
. CDF data: Vs = 1.96 TeV, |ly| < 0.6
CS+CO, NLO: Gong et al.
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do/dp; (pp—J/y+X) x B(Jhy—pp) [nb/GeV]
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Challenges: NLO theory fits — Chao et al.
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Why high orders in NRQCD are so large?

Kang, Qiu and Sterman, 2011

1 Consider J/y production in CSM:

LO in ag
NNLP X &

2 NNLO in ag
Q

: X O

S, LP:

NLO in ag
3m
S

4
AT 5 1
p—g? NLPin1/P, X Qg o'y

P

<> High-order correction receive power enhancement

<> Expect no further power enhancement beyond NNLO

% [as In(pT/mg)] ruins the perturbation series at sufficiently large p;

Leading order in a-expansion =\= leading power in 1/p-expansion!

At high p; fragmentation contribution dominant



Heavy quarkonium polarization

Ma et al. 2014
 Polarization = input fragmentation functions:
<> Partonic hard parts and evolution kernels are perturbative
<> Insensitive to the properties of produced heavy quarkonia
U Projection operators — polarization tensors:
_ pHp”
P (p)= Y ep)es(p) = —g" + —5
A=0,41 p Unpolarized quarkonium
1 1 pPnY + p¥nH
PH (p) = = M (p)es (p) = = |—g" +
T (P) 2/\21,\(1?) Ap) =5 |—9 s

Transversely polarized quarkonium

7’2”’(19)57’“”(19)—27#”(29):i2 [p“ p n“] [p” P n”]

P 2p-n 2p-n
Longitudinally polarized quarkonium
for produced the quarknium moving in +z direction with

p* =T, p~,pL)=p"(1,0,01) 2 _n2=0

n* =(n*t,n",n.)=1(0,1,0,)



QCD factorization + NRQCD factorization

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

vvvvvvvvvvv

S R
OIS ]
= '\ —— NLO CSM
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do fdpyXBri{djw—p” @) (0

FF CSM
doo/doNio
O bt ot ot

107F  V§ =1.96 Tev )
lyl<0.6 el
Cut—off T~ ]

™

HQ pair FFs
" LO NRQCD
LO QCD hard

(NLO) ~ A(LO (LO)
INRQCD “[dafb_,[cﬁo(vsn ® Dig)(u8)l—a/w o

_5S(L0) {Lo) s 074
-r-ddab_,[QQ(ag)] ®’D[QQ(08)]—>J/¢'] T osf T ——

Reproduce NLO CSM for p; > 10 GeV! -1.0'-

. . . 16 26 36 40 56
Cross section + polarization

Different kinematics, different approximation,

Dominance of different production channels!



QCD factorization approach when P; >> m,

Nayak, Qiu, and Sterman, 2005
D Factorizaﬁon formalism: Kang, Ma, Qiu and Sterman, 2014, ...

doayBH+x(PT) = Zda'A+B—>f+X(pf = p/2) ® Duys(z, mq)

+ Z d6 a4 p—igowy+x (P(1 £C)/22,p(1 £ (') /22)

QQ(k
e ®Dr/igoe) (2: €, ¢y M)
+ O(mg/pr)
O Production of the pairs: po = 12+ch , Do = 12_ZC13
¢ atl/mg; >C<(Z D (z,mq, po)
< at1/P;: d5A+B—>[QQ(n)]+X(P[QQ] (K), 1)
— b ) =
<~ between: din(p) —HE TR =
[1/mq, 1/P]
Q T sz

—|—? F(Z) & D[QQ(&)%H({Z'LL me;, IU“)



QCD factorization beyond leading power

(J Beyond the leading power — e+e- as an example:

doayBouiyx(pr) = » _déaipsix(pr =p/2) ® Duss(z,mq)
f

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

QQ()
LI CHSTUL?)

>k
d1 d2 d3

O Matching coefficients beyond the leading power: H — QQ

(2 2 1 1 0 2
dai+)e——>QQ (pr) = d0£+)e——>QQ (pr) - da§+)e——>Q’Q’(pT) ® Dé?é)/@’@’ - daé+)6_—>Q (pr) @ DéQC)Q/Q

" k2 * dk2 )
d2: OC/ 72 / T2 + UVCT (p*) .
0 T 0 T Cancel CO divergence, and

d3: &/@2 dkp UmﬂJrFACT(/ﬂ)] UV finite, but, should take
. o (k) o (kg)"=2 — care of oversubtraction

n>1
Take are of the Pair produced between 1/m, and 1/pT See arXiv:2006.07375




Evolution of fragmentation functions

Q Independence of the factorization scale: Kang, Ma, Qiu and Sterman, 2013

d
dIn(p)

< at Leading power in 1/P+: DGALP evolution

oa+B—ax(Pr) =0

d g
Y Dps(z,mq, ) = Z o V5—j(2) ® Dyyj(z,mq, 1)

J
< next-to-leading power in 1/P€— New non-linear evolution!

d Qg
sDuyp(zomg ) =Y == 75— (2) ® Dgryi(2,maq, 1)

dln p - 2T
1 o
+P Z (27 )zrf—>[QQ 126, C)®,DH/[QQ(H (2,¢, ¢, mq, 1)
[QQ(k)]
d /
dlanH/[Q@(C)](z’C’g’mQ’“): > —K[ch(cn (2,6, ¢)

[QQ(K)]
& DH/[QQ(KJ)] (Z, C? Cla maq, :u)

O Evolution kernels are perturbative:

< Setmass: mg — 0 with a caution



Non-perturbative input distributions

[ Sensitive to the properties of quarkonium produced:

Should, in principle, be extracted from experimental data

 Large heavy quark mass and clear scale separation:

po~mg >mqov  mmm)  Apply NRQCD to the FFs

<~ Single parton FFs — valid to two-IoopS' Nayak, Qiuand Sterman, 2005
Dy g/ (2, o, m@) — Z —[QQ(c)] (2, pos mqQ) <O[QQ(C)] (0))Inrqep
Braaten, Yuan, 1994
[QQ(e)] Ma, 1995, ...
Complete LO+NLO for S, P states & NNLO for singlet S state Braaten, Chen, 1997

Braaten, Lee, 2000,
. . Ma, Qiu, Zhang, 2013
<> Heavy quark pair FFs — valid to one-loop:

Digqte-»afl3: € Cooma) = Y diggimiaae (26 ¢ o ma) Orgqee (0)hnracn
[QQ(C” Kang, Ma, Qiu and Sterman, 2014
Full LO+NLO for S, P states is now available Ma, Qiu, Zhang, 2013

[ No all-order proof of such factorization yet!

Reduce “many” unknown FFs to a few universal NRQCD matrix elements!



Next-to-leading power fragmentation — Ma et al.

[ Heavy quark pair FFs:

_ . - : — 7(0) - - .
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DIQE(VIK]J“ ,nz)-o 3 s[llll(Z)

+(

(J Moment of the FFs:
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Ma, Qiu, Zhang, 2013
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Next-to-leading power fragmentation — Ma et al.

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)
7

+ Y d6aspoi0am+x (P(1 £ () /22,p(1 £ () /22)
[QQ(k)]

D /1oy (2:€: ¢ mq)

[ Channel-by-channel comparison:

Dominated by LP Z independent of
i : NRQCD
201, S s g 3pl ) matrix elements

25—

LO analytical
results
reproduce
NLO NRQCD
calculations
osl— o o . e (numerical)




Next-to-leading power fragmentation — Ma et al.

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)
7

+ Y doaipoigow+x (P(1£¢)/22,p(1£ () /22)
[QQ(x)]

®Dp /a2 €, ¢ mq)

O LP vs. NLP (both LO):

1.5 — T T - . - ] NLP dominated
: NLP dominated 35! : 1 S[S]
1.0.:__ 1 ] O
[ T =l i
- o5k \\-:;: . for wide pT
ébg : - - — : \N o~ —
;g 0.0F — LP dominated
59 ; o
% o_osp (1) (8 (8 8] | P5% and ?Pp
—Vor ’ 3 coll 3 ]
- ',' Sl 3Sl lSO P[J ]
~1.0F - —— e - PT distribution
is consistent with
_1.5 1 N PSR R SR | 1 " 1 N 1 " " distribuﬁon Of
10 15 20 30 S50 70 100
18[8]
0

pr (GeV)



Matching between different approaches

Kang, Ma, Qiu and Sterman, 2014

1 Expectation:

10 2 - ATLAS data: Vs = 7 TeV .
ly| < 0.75 E
10 i

CDF data: Vs = 1.96 TeV T

lyl < 0.6
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' Matching for p; = mg:

doPQCD doPQCD—Asym
5 doy h—yH(p)+X ~ E 1 +h—H(p)+X E I+h—H(p)+X
P 2p ~ =P B3p It d*p
NRQCD
+E dUl+h—>H(p)+X
When p; >> mg: g d°p

doyysh s (p)+x — do¥CP  No-logarithmic mass terms in doNRQCD vanish
doPEP—AsSY!M (ancels doNRQCD



Summary

O It has been over 40 years since the discovery of J/W, but, still not
completely sure about its production mechanism

1 NRQCD factorization is expected to work for P; ~ Q, no all-order proof

[ QCD factorization is shown to work for both LP and NLP at high P;

" Resummation of logarithms from 2m to P;

= Non-linear evolution equation of single parton fragmentation function
is needed for a consistent accuracy at Next-to-leading-power

= Matching between high P, to P~ mg,

= Challenge for low P; region or near the threshold

1 Nuclear medium could be a good “filter” or a fermi-scale “detector” for
studying the emergence of a quarkonium from a havey quark pair

Not talked here

Thank you!



