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Scales for heavy quarkonium production at high p;
 Well-separated momentum scales — effective theory: Known quarks
P j Hard — Production of QO [pQCD] Flavor Mass
.
Perturbative 5 5
Mq + . v To make this part as reliable as we can! el
e I e . d 5.0 — 8.5 MeV
mgv + Non-Perturbative Soft — Relative Momentum [NRQCD] . 20 1EE MoV
N = AQCD Aqep— c 1.0 — 1.4 GeV
mqv? T Non-Perturbative  yjtrasoft — Binding E NRQCD —
inding Energy  [pNRQCD] b 4.0 — 4.5 GeV
(1 Basic production mechanism: t 174.3 + 5.1 GeV

AN
, @ —>—Quarkonium

B ~ "
Perturbative Non-perturbative
1 Coherent soft interaction -
Ar £ —

2my  Medium effect to learn the emergence of quarkonium from a heavy quark pair

QCD Factorization is “expected” to work
for the production of heavy quark pair

Difficulty: how the heavy quark pair
becomes a quarkonium?

But, most sensitive to medium effect

o,
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NRQCD factorization and the “lack” of universality of LDMEs

] NRQCD factorization:

doA+BH+X = Z do A1 B+QG(n

o Phenomenology fuII NLO in ag:
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= | P+NLO, LHC |y| < 0.9
#= LP+NLO, Tevatron |y| < 0.6

......

Bodwin, Braaten, Lepage, PRD, 1995

= 4 leading channels in v:

351] 158] 35[8 3P8]
©OCs) ¢S  (CsT)  (0CR)
GeV®  1072GeV® 1072GeV® 1072GeV®
Set I (Butenschoen et al.) 1.32 3.04 0.16 —-0.91
Set IT(Chao et al.) 1.16 8.9 0.30 1.26
Set I1I (Gong et al.) 1.16 9.7 —0.46 —2.14
Set IV (Bodwin et al.) 3 9.9 11 1.1

LDMEs should be universal, however:
e Numbers are not the same.
¢ Not even the sign.

More work is needed!

Fits in NRQCD
Butenschoen, Kniehl, PRD84, 051501 (2011).

Chao, Ma, Shao, Wang, Zhang, PRL108, 242004 (2012).
Gong, Wan, Wang, Zhang, PRLL110, 042002 (2013).
Bodwin, Chung, Kim, Lee, PRL113, 022001 (2014).

Fits in pNRQCD

Brambilla, Chung, Vairo, Wang, PRD105, no.11, L111503 (2022).
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Heavy quarkonium production at high p;

. . Kang, Qiu and Sterman, 2011
O O(a,) expansion vs. 1/p; expansion:

P/2 CS channel as a case study

3
LO in ag: ;}%Pﬂ ) 510 o %PT)
Pt
P; Power!

NLO in ag:

NNLO in a:

= When pt >> mq, the expansion in powers of agis not reliable!

= |eading order in as-expansion =\= leading power in 1/pr-expansion!
O PQCD factorization:

= 1/p; expansion first: leading power (LP) & next-to-leading power (NLP) are factorizable!
= O(a)-expansion: leading order (LO) & next-to-leading order (NLO) are calculated



QCD factorization + NRQCD factorization

 Color singlet as an example:

HQ pair FFs
& LO NRQCD
LO QCD hard
(NLO) ~A(LO) (LO)
INRQED X [Warsi0que) @ Plousi—sw [T
. S(LO) (LO) 8 = [yts]®
+daab—>[QQ(a8)] ® D[QQ(GS)]_)J/"ﬁ] - h/ fY5]

Reproduce NLO CSM for pt > 10 GeV!
Cross section + polarization

Different kinematics, different approximation,
Dominance of different production channels!
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Heavy quarkonium production at high p;

. . Lee, Qiu, Sterman, Watanabe, 2022
[ PQCD factorization:

dahh’—)J/¢(P)X / 5 / ) NRQCD:
E — Fezin ® dxq fa a d ! ) J
Bp ;[n] [n]—J /% ; Za fa/n(Ta, %) | db fon (T, 1) Fecpnlmsayw = (O (0))
~Resum ~NRQCD ~ Asym
" Edacljb—)cé[n](P)X n Edo-ab—mé[n](P)X B Edaabicé[n](P)X ccln] = c5[25+1L9’81]
d3 P d3 P d3P
= PQCD factorization + FFs: k= (v,a,t)8
v dz dé
¢ —ce[n](P)X ~ /—D B 2 E ab— f(ps)X _p 2
A3 P ; 22 f—>CC[n](Z7/’l/f) f dgpf (zapf /zaluf)

dz da—ab cc(k c)X
+ ) /Z_2D[CC(R)]—>CC[H](Z7M?:)EC @I (4, pe = P2, pi3)
[ ]

— d3pc Kang, Ma, Qiu, Sterman, 2014
CC(KJ) g; Y] Y] Y]

= PQCD fixed-order:
45 NRQCD

ab—ce[n](P)X ds2sym d5NRQCD
E ab—ce[n](P)X ab—cc[n](P)X
d3 P When Pr > m., E Bp cancels F Bp
= PQCD Asymptotic contribution: J5Asym R
~ Asym ~ Resum 0ab—>cé[n] (P)X O-abeilcnc_l[n] (P)X
Edo-ab—wgé[n](P)X _ Edo-ab—mgé[n](P)X When PT Z Meo E d3 P cancels [ d3 P
d>P d>P fixed order 2

Jefferson Lab



Renormalization group improvement

] . Kang, Ma, Qiu, Sterman, PRD 90, 034006 (2014)
(J Renormalization group:

d | BabS ey (P x
E ab—cc|n _ 0 . ]
dln ,Lbfc BP To be accurate up to the 1st power correction

O Modified evolution equations: NRQCD: H = g5+ LL®)]

P

ODHa

[QR(n)]|—=H _ _ _

dlnpZ  1QQmI-1QQw] ® Plegu-a
DGLAP-type: Heavy quark pair produced at the hard scale

P P
OD(j)~n : :
__ vz 1 Q Dy v Heavy quark pair produced at the input scale
Oln 3 M= @ Pls—n k& 1> Dk v pairp ’

| 7 X

+ 2 T111-100)] © Plgw)—H

Ly k—> R e]e)

Heavy quark pair produced between the hard scale and the input scale

Modified DGLAP — inhomogeneous evolution _!_e,,c_?’e?gon Lab



Evolution of cc-fragmentation function in 1, v space

Lee, Qiu, Sterman, Watanabe, in preparation

 To justify an approximationat p=v=1/2: D!, (z=0.85)

(b) [ 1.00 9.0
2z dD, ., (z, u, : :
D (zu,v) = "dl(z: v), e Diagonal singlet 72
NN channel: S-to-S N,
D(Z: u, v) - Dz(z)Du(u)Dv(v)s 3.6
(] — = 0.50 1.8
DZ(Z, a) = : ( Z)ﬁ ’ ONLP 0.0
B[l + a,1 + p] [RR()]
xy(l _ x)y 025 -1.8
D, v(x, y) = > - -3.6
’ B[1 + }',1 + 7] 0 —5.4
®oo 025 050 075 1.00
4 4 u
— =10 =
l S-to-S 3_0 to-0 00 D1/18—>a8(z:0'85)
: 5.25
=P <, Diagonal octet 450
S2r L aeeas 3 0.75
S S channel: O-to-O 375
1,7 \, 1t 3.00
= 0.50 e
Qo0 025 050 0.75 100 {00 025 050 075 1.00 5o
u Uu 0.25
0.75
= S-to-S DP FFs get broader in -space after evolution. 0.00
: 0800 025 050 0.75 1.00
= O-to-O DP FFs become narrower with a large peak around . : : : : :
. e e u
= Off-diagonal channels: similar to O-to-O. —>
7 Jefferson Lab



Input fragmentation functions at py~# m_

Ma, Qiu, Zhang, PRD89 (2014) 094029; ibid. 94030
o Input FFs from NRQCD. Lee, Qiu, Sterman, Watanabe, SciPost Phys. Proc. 8, 143 (2022)

<@%Q(n)](l‘/\)>

A a,. A
. _ 1 . Qs ~0) . 2
Dpr@m. po) = [Qg')] ”as{dj(f—»[QQ(n)](z’ " for M) + P o (& For ) @(as)} m2L+3
n

H
n a, ~ (01000 HA))
D, “m, Uy = d® _ (zom, up, 4D _ _ (zzm, u, O(a?
1001~ ™ Ho) [Qg(:)]{ 100w1-100m & ™Mo B+ i 010 M o )+ 0W5) 1 o
n

po = O(2m): input scale, u, = O(m): NRQCD factorization scale k=vl,ald, 4, p =2+l

Perturbative SDCs ci(")(z) of input FFs in o, and v expansion in the NRQCD are reliable only when SDCs << O(1).
sDCs d™ (2) calculated in NRQCD factorization is not reliable as z — 1 for the following terms:
1. &(1 —z) at LO in a, expansion
2. f(2)In(1 — z) with f(z) being a regular function
In(1 — o
f2) ’ f(z)[ ( z)]
+

due to the perturbative cancelation of IR divergences

In our current analysis, we use analytic results if those vanish as z — 1 ; and for singular or negative input FFs,
we model them with proper normalization:

7%(1 =2y
D[QQ(n)](Z) = C[QQ(")](aS) B[1 + a,1 + f]

Cioom (@) : abs. value of the first moment

(a>1,1>4>0)
— to be tuned, imitating 6-function at LO Jefi-'_/e’.gon Lab




NLP contribution to single parton fragmentation functions

 Impact of inhomogeneous term:

aD f—H 1
o2 - ® Dyp+ 27100 (00— H

ODROe™ DS pu* — oo: the slope of D, ; is the same as LP DGLAP

01ln u? 01n u?
K 50 K x 1073

Lee, Qiu, Sterman, Watanabe, 2022
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The inhomogeneous quark pair corrections remain significant even at high Q2 ~u?~ pT?

The power corrections effect at low pu? does not go away fast: analogous to
nonlinear gluon recombination effects to gluon PDF at small-x and large p2.

Mueller and Qiu, NPB268, 427 (1986)
Qiu, NPB291, 746 (1987)

Eskola, Honkanen, Kolhinen, Qiu and
Salgado, NPB660, 211 (2003)

2
Jefferson Lab



J/wy-production in hadronic collisions

(] Separate LDMEs from pQCD effects: Lee, Qiu, Sterman, Watanabe, 2022

Vs =TTeV, |y| <1.2 Vs =TTeV, |y <1.2

106 106

% \\ —— LP Linear k= 3,5'1[1] % —— NLP k= 351[1] ...... NLP x = 351[8]
CD 4 \\ '\’ '.0,.. - LP Linear K= ls(gg] CD 4 \ —_—— NLP = ]S(£8] . NLP o — 3]3'[]8}
~ i N\ .. ( < |

Q 1 O \\ N ...... LP Linear x — 351[8] o ]. O
& \\ ~\. '-,.' s i &
Py o .. —- LPLinears= 3Py —

=) : =

= 2 S 2 |

& 10 & 10

S =
Z =
e =

Nt ¢z

3 3

].0-2 ! T T T T 10-2 T T T T ‘s T
20 40 00 380 100 20 40 00 380 100

pr|GeV] pr|GeV]

« Unweighted results: (OCS['))/GeV? = (O('S*))/GeV? = (OCS[*))/GeV? = (OCP*))/GeV> = 1.
e a = 30, # = 0.5 are fixed for both SP and DP FFs.
. 1S(58] is two orders of magnitude smaller than 3S1[8] at LP.

» Three color octet channels at NLP provide similar contributions, steeply falling with p. _—,
10 P Py 9 Pr ~~fferson Lab



J/wy-production in hadronic collisions

: L Lee, Qiu, St Watanabe, 2022
O Leading power contribution: ee, Qlu, Sterman, Watanabe,

» Fitting the LP formalism with the linear evolution eq. to 3.0 Y LP Linoar /5 —7Tov
. _ . 1near vs = e
CMS.data on high p; prompt J/y at \/E =7,13TeV in v LP Linear vs —13TeV
the bin, |y| < 1.2. 2.5 - ¢ LP Nonlinear vs =7TeV
- # of data points in a fit: 3@7TeV + 4@13TeV = 7 for e @ LP Nonlinear vs =13 TeV
> 60 GeV 8 ¥ LP Nonlinear + NLP Vs =7TeV
Pr= ' o 2.0 % LP Nonlinear + NLP v5 =13TeV
« Only the IS(ESJ channel is considered, yielding unpolarized t ) |
J/y. The other two color octet channels could overshoot 8 1.5 PT Shape:
data by combining LP and NLP. S Wy T
TR
« (O('S1#))/GeV? = 0.1286 % 5.179 - 10 fitted by high py 1.01 §§ % é ¥ %
data is similar to the one extracted using fixed order $
NRQCD at NLO. chao, Ma, Shao, Wang, Zhang, PRL108, 242004 (2012) 05
« Global data fitting is useful to pin down LDMEs and the 0 25 50 75 100 125 150
shape of input FFs. pr|GeV]

The “power corrections” do not vanish even at the highest p;, giving 10-30% corrections.
At p; = 30 GeV and below, the NLP corrections become significant.
11 Jeff.e-r:son Lab
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J/wy-production in hadronic collisions

I Lee, Qiu, St Watanabe, 2022
O LP + NLP contributions: ee, Qiu, Sterman, Watanabe,

« Putting a = 30, = 0.5 at yy = 4m_, and py, = m,

> 103
1¢[8] 3 + . 3. <B) e CMS Vs=TTeV |y <1.2
(OC'S{™)/GeV? = 0.1286 +5.179 - 10~ s S . OMS Vo 13TeV o] <12
obtained. i 10 ; --- LP Linear
» K-factor is included to account for higher order = I & e LP NonLinear
corrections of the NLP partonic cross section. We = 10! 4 —-= NLP (Knp =2)
simply fix Ky p = 2. = LP NonLinear + NLP (Kxip =2)
<~ 100 -
= E
Choose two numbers with a smaller set of data o Lo 3
= 3
\ ]
=
T 10-2 -
=
~
m 10_3 T T T " e T : T
0 20 40 60 80 100 120 140
pr|GeV]
12 J)_e,f,fe-r:son Lab



J/wy-production in hadronic collisions

. Lee. Qiu, St Watanabe, 2022
O Test the consistency: ee, Qlu, Sterman, Watanabe,

— 107
% 10 -. CDF 1.8TeV |y| < 0.6 (x10%)
. . . . . L CDF 1. e .6 (x1073
* Given that the overall normalization factor is fixed, & ; A ALIC]IEQSOI;;‘/e'\Z;H; oo (x109
QCD factorization approach describes LHC dataon 3 10°} o Aras o ey ot b
[ eV |y . X
prompt J/y production in hadronic collisions. _s ;  icn =0
) ev Iy < b
A . =) 3L e 25 (x
— QCD global data analysis is possible. =, 10 o b CMB 1970V <03 (<30)
<) ! B ALICE 13TeV |y| < 0.9 (x50)
: : s [
» We could modify Ky; p at Tevatron energies, but < 10}
Ky p = 2 is fixed here. %} :
< 101
|
Compare with both the LHC and Tevatron data =
without changing parameters! m 103, N .
> -
S 1.5}
E 1 ol x4
= 1.0y w**‘f“ Y
o 3 [ J
g 0.5 »
0.0 577"~ o T hn -

O 20 40 o0 380 100 120
13 pr |GeV] Jefferson Lab
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Matching to fixed-order PQCD calculation

1.

ln(p%/mz)-type logarithmically enhanced
contributions start to dominate when

pr 2 S(or7)(2m,) ~ 15 —20GeV, where
the LP is significant, power corrections are
small.

The NLP contribution is important at
pr= 02m,) < 10GeV, where matching

between QCD factorization and NRQCD
factorization can be made.

Further exploration of the shape of the FFs at

large-z would help us understand the
quarkonium production mechanism.

Or use the medium as a filter or detector?

Lee, Qiu, Sterman, Watanabe, 2022

Matching
region

CDF 1.96 TeV
® CDF 1.8TeV (x0.1)




Emergence of a heavy quarkonium from a heavy quark pair

. . . Qiu, Watanabe, 2022
 Basic production mechanism:

A .\ = QCD Factorization is “expected” to work
; @ , : Quarkonium for the production of heavy quark pair
“ > = Difficulty: how the heavy quark pair
Y Y~ .
Perturbative Non-perturbative | | becomes a quarkonium?
Ap < 1 Coherent soft interaction | u gyt most sensitive to medium effect

2mQ

] Approximation: A Q_—
O-AB—>h o p\ h
= Q

A ° ,9’/" h 2+ <AI§—4m >
- B “ ‘(_'.)\ MEI Transition Distribution

= O upn = J‘d‘ff‘ éAB—)[Q@](mé’q:) Fiog1h (13)+“' =) Floa»# ®0apqa) + -

15 @] .Le,f},ﬂrgon Lab



Emergence of a heavy quarkonium from a heavy quark pair

. . Qiu, Watanabe, 2022
[ From pp to pA collision:

A .\ " QCD Factorization is “expected” to work
: : . for the production of heavy quark pair
% —>— Quarkonium P y quarkp
Perturbative Non-perturbative Same wave function
1
Ar<——
2m, : :
Multiple scattering
Nuclear PDFs Almost Not affected
A .\
J Multiple scattering of heavy quarks can change: : j
yd
= Distribution of total momentum of the pair B '/
— Cronin effect . . ,
= Invariant mass of the pair (broadening) '

— Suppression of quarkonium
16 Jefferson Lab



Production model = approximation to the transition distribution

. . Fritsch (1977), Hal 1977), ...
 Color evaporation model (and the improved one): ritsch (1977), Halzen (1977)

A

= Vanishes above the open charm threshold FCEQJ/,/, (qz)
Transition distribution: * Independent of pair’s mass and color, and

" |s aconstant

2 v
~ 2 _ 2 _ >
OAB— I/ (Prjp) ~ Z/dq 0481061(n)(@)] Floomy—a/wPrjw, a°) 0 2 g
n mp —am,.
4m2D—4m3

‘ Ug%hij/zp (PJ/¢) ~ Fcé—)J/¢ /0 dq2 [O'AB—wE(qQ)} Einhorn, Ellis (1975),

Chang (1980),

One parameter per quarkonlum state A Berger and Jone (1981), ...

[ Color singlet model:
" Narrowly peaked at gq°= F_ ( q2)
CC—ly

Transition distribution: 4 = QOnly color singlet pair with “right” quantum #
= Moment = square of wave function at origin
) oupyy(Pry) oaB_100)(@° =0) / dq*Fiog1-m(Pre: a°) Y

2 T 2 .
17 X T ap10a1(@” = 0)|¥ 5,4(0)] Effectively No free parameter! Jye,f,fe-r)son Lab




Production model = approximation to the transition distribution

Caswell, Lapage (1986)

D NOn'RelatiViStiC QCD (NRQCD) mOdeh Bodwin, Braaten, Lepage (1995)

QWG review: 2004, 2010
= Narrowly peaked distribution at ¢° < m review

Transition distribution: = Velocity expansion is a good approximation v ~ |q|/m.
" Perturbatively defined color singlet and octet states m. > Aqcp

*]" [ d

2 __
"y dq2] TAB-[QQ)m) (4" = 0) ‘

0 4B-10QIm(@°) = )

m

»

7 m

d
) OaB—J/(Prjy) ~ Z [d—q2 0 aB 100 m) (@ =0)

Cym
2 4 } . ,
X/ dq m) Floamy—a/¢(a)

Infinite parameters
~Y oansole® = 0)(07/Y) "
(@)

— organized in powers of v and a

= Both NRQCD and CEM (or ICEM) can describe the production data reasonably well
= Inclusive production rate is not very sensitive to the details of hadronization

18 ‘ Need another observed “scale”! Polarization, medium effect,... Jefferéon Lab



Production model = approximation to the transition distribution

Qiu, Vary, Zhang, PRL 2002

U Transition distribution: a
= Large phase space available for gluon radiation: c Q
gep ° g E 3 =3/
QO -4M?> =4M’ —4M} =6 GeV’ c \_/
b
= Larger heavy quark velocity in production than decay:
2 2 2
I/ — Me A dm?9, — 4m?
Vdecay "~ \/ im?2 ~ 0.48 Uprod ™~ . ~ \/ 2 ~ 0.88 > Vgecay
a
c q = Radiation pays a penalty in coupling,
¥ ===J1/¥ But, gains a lot on wave function
c 1 \_/ _
b T— H Q2-4M.?
@ @ F(Q2) — a,(Q?) In(Q%/4M.2) F(4M.?)

_ , —
Over 6 GeV? phase space for gluon radiation Threshold behavior for the

transition distribution!

= Pair with large g? has a vanishing chance to
. 2 _ 2
become J/y in NRQCD Model la —4M. 2
> efferson Lab

19 A




Heavy quarkonium production in pA collision

] Nucleus as a “detector”:

Hard probe (mq >> 1/fm)

mmm) quark-gluon structure of nucleus!

Necessary calibration for AA collisions

4 If J/Y were produced at the collision point:

20

Nuclear effect in PDFs
Medium dependence from J/{-nucleon absorption

Glauber model:
Iy
~ ~P0O s Lap
With a J/y absorption cross section 0Ogps

Expect a straight line on a semi-log plot

v



Heavy quarkonium production in pA collision

(1 Anomalous suppression:

u, 100 W, 45 ™17 T L | T M
< o0 | * NAS1 pp, pd 450 GeV . ' ' U Ll pehee e
:i 8() | Alldata rescaled % NASO LI 98/00, p-A 450 GeV =) [ lE
; 70 L t01s8Gev A NAS0 HI 96/98 , p-A 450 GeV ~' 40 E > | T
~ O NAS50 HI 2000, p-A 400 GeV ~ i 0.9¢ || |
= 60 a [ 0.8 E— _¥_.1_._. L
5 s =4.18 £0.35 mb & 35F ok 'I_J;'LT
>~ 50 '; [+ Pb-Pb 2000 " E " &
S wl Z 3o0p: 06F———+——"y
= = \L 0.5f———+F—— b
© i = a5f N 04F——L . 1.3
e 30 = 1,1 0 50 100
- |_--_"----__- .:
20+ ————— .
20 + [ + * | :
P 15F LR 1 :
Ty : B I :
Yy 10f g .
B NA38,S-U200 GeV w g 5
Y 5k L L | N
lg v NAS0, Pb-Pb (2000+1998) 158 GeV [ T Gaby=4.13mb(CRVILO)
| IS AN TN TN S N ST SR S AT TR S S A S S 0 [ L e T
0 ) 4 6 8 10 0 20 40 60 80 100 120 140
L (fm) E; (GeV)
r g

21 Jefferson Lab



Heavy quarkonium production in pA collision — impact of threshold effect

d Multiple scattering in A:
= Modify momentum distribution of the pair — Cronin effect

= Each scattering is too soft to calculate perturbatively

* Resummation of multiple scattering (small-x limit)
* Moment of P-distribution — calculable

O based on observed particles only

O less sensitive to hadronization

w _ J dar(g7)" do/dg;
(] Ratio of pT-distribution — Cronin type:
1 do™4 do"™N
R(A.qr)= Y T/ %EAa(A,QT)—I
dQ~dqr/ dQ~dqr
A{g7) g7
~ 1+ -1+
AL/3(gz)h, (g3)h

22
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Heavy quarkonium production in pA collision — impact of threshold effect

d Multiple scattering in A:

B, o(y)/AB

Enhance the invariant mass of the pair — "Suppression” of quarkonium

Multiple scattering of the pair broads the relative

momentum of the pair

* Increases the relative momentum of the pair: Q? > Q?

q =>q2+£LAB

L(A,B)

Buuc(\y)/c(Drell-Yan)

&

i

e~ g~ (Ag7)

Threshold effect leads to different effective o, - Curved line for R4

O Pb=-Pb, 1996
Pb-Pb, 1996 with Minimum Bios
® Pb-~Pb, 1998 with Minimum Bios

L PY [ ]
o
20 40 o0 80 100 120 140
E, (GeV)

Qiu, Vary, Zhang, PRL 2002

ki —,
Q-
U ‘AO ) 0 0 ( fr—
Iy

Fpym?)
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m>- 4m 2(GeV?)

Single parameter:

£ X (
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Heavy quarkonium production in pA collision — impact of threshold effect

J Multiple scattering in A:

Qiu, Watanabe, 2022

= "Suppression” of quarkonium = less production, not produced and absorbed by the medium

= Also modify momentum distribution of the pair — Cronin effect

(d Consequence:

= Different suppression for different quarkonium states:
J/Y, ¥, ... Y(1s), Y2s), Y(3s), ...

" The difference is a consequence of the difference
in the transition distribution

 Predictions for ratio of pT-distributions:
Rpa(3Y) < Rpa(2Y) < Rpa(17) Similarly for R4

=  More profound in low pT than high pT
= Difference goes away at very high pT

24
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Similar conclusion for charm system, but, less profound, ...
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Breaking of factorization in hadronic collisions

(] Spectator interaction — always there:
P y Interfere with the formation

pr ~ MgV, mgv of the quarkonium
Process dependence

PDF

Perturbative Non-perturbative

ArSL

2mQ

[ The Challenge:

Process dependence — Break of factorization — No predictive power

] The need:

Controllable calculation of medium effect, extract medium properties, ...

d The Opportunities:

Medium as a “detector” or “filter” to probe “color neutralization”, ... S
25 Jefferson Lab
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Breaking of factorization in hadronic collisions

d A-enhanced power corrections, A'3/Q?, may be factorizable:

No A'3-enhancement

o=
4
‘ = Total x-section: Factorization argument similar to DIS
=  Collinear power expansion - single scale
= P, spectrum: Factorization argument similar to SIDIS
=  TMD or collinear — low P; to high P;
Jeff.e-r:son Lab



Breaking of factorization in hadronic collisions

. . . . Brodsky and Mueller, PLB 1988
O Backward production in p(d)+A collisions: /

pP _— J/W could be formed
( ’ ¢ Inside nucleus
®ee 0 H Multiple scattering interfere

with the non-perturbative

B hadronization
4&/ — no factorization!!

pP Co-mover interaction
to interfere with
quarkonium formation
- Break of factorization!!
o
27 Jefferson Lab



Breaking of factorization in hadronic collisions

O Forward production in p(d)+A collisions: Brodsky and Mueller, PLB 1988

p / ° ° °
/ 0, < Time dilation
= -
°, 0 Non-perturbative
° H formation of J/W
is far outside of nucleus

=  Multiple scattering with incoming parton & heavy quarks, not J/W

* Induced gluon radiation — energy loss — suppression at large y

* Modified P; spectrum — transverse momentum broadening

* De-coherence of the pair — different QQ state to hadronize — lower rate

Q ie———3 Soft multiple scattering — “random walk”
Q :———3  mmss) Momentum imbalance - larger invariant mass
- mms) Match to the tail of wave function - ““suppression” —
28 PP Jefferson Lab



Forward quarkonium production in p(d)+A

Kang, Ma, Venugopalan, JHEP (2014)

[ Calculation of multiple scattering: Qiu, Sun, Xiao, Yuan PRDSS (2014)

P
~ 7—{—(—1
SRS P _
A D
(a) (b)

Coherent multiple scattering ‘ suppressioh'at large y

12 SR B I L I I LT R A I 14 S B BT L L N I UL
11 E —}—  ALICE dac for Inclusive J/y 3 1.3 e :Sn I =
2 : 12 — % E
1E B 1.1 7 3 T 3
00 E =502Tev 20453 e '1 E = L e e FYYYTYYT: =
%08 E R 200 E 7 E
08 F _ J o0 EE H 4+
T E T E_"-'_". _+_ + 3
o +- 07 E o ~+ _+_‘+‘ 3
06 E - E < . 3
E 0.6 F o I=200GeV  12<y<22 3
05 E w 0.5 [ — 4 PHENIX data for Inclusive J/y 3
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Summary and Outlook

1 It has been almost 50 years since the discovery of J/W, but, we are still not completely sure
about its production mechanism

(J We have studied the QCD factorization for hadronic quarkonium production at high pT

(J We demonstrated that the LP contributions are significant for hadronic quarkonium
production at high pT while the NLP contributions are sizable at lower pT but different in
shape, and both are needed, leading to a smooth matching to fixed-order calculations

 The initial success of QCD factorization formalism should encourage a global data analysis.
There is sufficient room to improve the input FFs

 Inclusive heavy quarkonium production is not very sensitive to the details of formation of
a quarkonium from a pair of heavy quarks

d Controllable medium dependence should provide a better probe for how a heavy
quarkonium could be emerged from a pair of heavy quarks

Thanks!

30 Jefferson Lab



Evolution equations in a simplified situation

Lee, Qiu, Sterman, Watanabe, in preparation

 Simplified evolution equations: _ _ -

H
. . . pE o> Adep D v, 2) D} v, ') D(Z)
" The produced heavy quark pair is dominated by its 1 Al
on-shell state at high . A A
=  We may expand the SDCs and evolution kernels on wf pE | oy N\ i lane [l
lower virtuality sides at each evolution step around . Pluvd v,/ Plenipaie) ﬁ P(4/7)
® This can be a reasonable approximation suggested A A whFa o et A8 A
by the evolution of DP FFs in u,v-space. S-to-S ' ug Y| By \o 2 4| oy \C
channels are not dominant at high . W pr >t @ O, 2) cly D C o D
H
doxLp AR U
ddePT = dZdUdV C[QQ](anpQ’ ”) 9[QQ]—»H(“: v, Z, ﬂ) ~ dZ C[QQ](pQ — Epc ,PQ -— Epc ,,u) dudy 9[QQ]_,H(u, v, Z, ﬂ)
=Dipp)-u(2.H)
D106 112 1) dz’ ! 1 1
[Q0wW)]-HSH) - Z L gt 2
d1n 2 ~ ZJ 7 L d”[o v I'100m1-100w) (“’ HE =SV =S ) Digow—n (25 1),
Z
0Dz k)  a, aX(p) dz’ 1,1
f~HZs , z ,_1z
olnu? - 2n ZJ _P f-r@/ Dy (@) + 22 Z J ?P F=100(0] (“ =V Ty ) Digon-n (25 #)
ooz [QO(x)] 2
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