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Two central aspects of the problem

1. What is the (structural) difference between open
heavy-flavour(HF) meson and quarkonium?

» For open HF mesons the “naive” quark model receives large
corrections:

‘D0> = col(cti)1) +c1 |(ct)sg) + c2 ‘cﬂd@—&—..., Co~CL~Ca~ L.

> For quarkonia (we hope) the more complicated Fock-states are
suppressed by relative velocity (v) of heavy-quarks in the bound
state

90 = 0|l <ot e[t +o)

+ O0W*?)|ce [IS(()S)] —+ g> +OW?) |ce [3S§8)] + gg> + ...,

2. How heavy quark (or QQ-pair) is produced in pp-collision?
Collinear Factorization + pQCD. 3 regimes:
» pr ~ M, where M is the meson mass (~ mgq or 2mg).
“fixed-order regime”
> pr > M, “fragmentation regime”
> pr <K M, “TMD regime”
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Open heavy-flavour hadron
production
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Open heavy flavours at pr ~ M: fragmentation model

The pr-spectrum of heavy quarks produced in pp-collisions can be
computed up to NLO in «y with available tools (MadGraph, Herwig,
ransition from quark (pg) momentum spectrum to hadron (p)

momentum, using fragmentation model:

1
do _ /% (2) dUQ(pQ :p/Z)
Bp / 3 H/Q Ppg

)

where Dy/q(2) — (scale-independent) fragmentation function for the

1
hadron H. Probability B(Q — Hg) = [ dzD(z) and/or
0

1
(z) = [dz zD(z) is constrained from ete™ data, ce. (aLerm, 017
0

(zpg) = 0.7361 + 0.0061.
Several models for FFs are currently in use, e.g.:

» Peterson et al.: D(z) = ﬁg, D ~ 0.002 - 0.006
2(1—i—

—z

1
» Kartvelishvili et al.: D(z) = Cz%(1 — 2), ap = 4.4+ 1.7 (D-meson

photoproduction), ap = 11 £ 4 (B-mesons in e+e_).
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Does this work?

PROSA PDF ﬁt [Zenaiev et al., hep-ph/1503.04581] , uSing maSSiVe NLO
calculations for ¢¢ production [Nason et a1 ss7 . Kartvelishvili FFs with
parameters fixed from eTe™ data where used.
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> If my # mg then it is not clear how to relate full
four-momentum of quark and meson. Several prescriptions are
possible. Important e.g. for pair production myz, Ay,...

> Not a factorisation “theorem” on any level of rigour for pr ~ M.
Are we sure that there is no way to do better in QCD?
(LCDAs??7)
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NLO QCD calculation at prg > mg

See e.g. [kramer, 017] .

d do;;
UQ /dxldefl(xla,UF)fJ(an,UF) 7is (w1, 22),
d*p d*pq

at NLO for |p| > mg:

~ (NLO) ~ (NLO,ZML) . 1 (LO)
dé,; _ dé ;. +Oé,5(MR) n Ipol? Z /@P (@) dé;; 5, 40 ( mo )
d*pq d*pq 2 my L) B d*pr | Ipal
90 PL=PQ/?

the remnant term is related to the massless NLO calculation with
M S-subtraction for FS-collinear divergence:

d&l(JNLO,ZML) d&gNLo,mQ:O,WS) . / dzd ( ) daq(JLSBI
d3 = d3 Q(m)/q(m= O) d3 ?
Pe Pe 0 PL=PQ/2
(ZMLA)
a,Cp [1+ 22
dQ(m) /a(m=0)(2) = — { T, (2In(1-2) - 2)}
+
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Resummation of fragmentation logs

Series of corrections a” In” 2L (LLA) can be resummed usin
s mq

DGLAP evolution of the fragmentation function:

1
w — Z /%D (2 ) da’zng’Jgt)z
k=q.9 PL=PqQ/%
1
dDi/k(x7MF) as(,uF) dz €z
= — _-F)Z D; (_7 ) ’
dln p2 27 2 1=)Djn P

x
with initial conditions at pp = mg:

LLA
DS (2,mq) = 6(1 = 2), Dgyg(z,mg) =0.

The corrections ~ o™ In" % belong to NLLA:
NLLA
Diyje ™ (2:m@) = 6(1 = 2) + dun) atm=0) (2);

as well as P;;(z) and 6;;, @QNLO MS.
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From quarks to hadrons: FONLL formalism
In the FONLL formula, the massive NLO quark production coefficient
function is combined with the NLL resummed one using
weight-function G(pr):

da_Z(JFONLL) da'z(;\ILO) d&,L(JNLL) da'z(;\ILO)
Tu = T 4Gpr) | o [T ,
dprq dprq dprq dprq
PTQ>MQ
np=npgy, scheme np=npgr,+1 scheme
2
Glpr) = 2

pr +25mg’
Then Kartvelishvili-type FF fitted to eTe™ data is used to convert quarks
to mesons. Typical results [cacciari et al., 1205.6344] :

o FONLL [f(c - D) = 0.238] " FONLL [f(b - B"°) = 0.403]
10 . 1 :
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L1 ‘}4@ N cMs B? —=—i
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From quarks to hadrons: GM-VEFNS

In the general-mass/variable flavour number scheme [kramer 01; Knient,
Kramer, Schienbein, Speisberger 057] the coefficient functions are computed as:

. (GM—VFNS) (NLO) . (ZMLA)

Tij ij Y

d3p d3p dBp

so that they include mass effects and yet, the M .S PDFs and
scale-dependent-FFs (fitted consistently using eTe™ data) in the
nr = npr + 1-scheme can be used at pr > mg. Recent plots from
[1907.12456] for B-Mesons:

%

FrT
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prun K My, the TMD regime?

» The studies of pr < M regime of single-inclusive hadron
production are not done, probably because they are poorly
motivated theoretically (My ~ 1 GeV after all...).

» For the hadron-pair production, one can have pryy < Myn
and My > Aqep! Heavy quark pair couples predominantly to
gluons — excellent probe of gluon TMD PDFs and FFs 777

» Naively one can write the factorization fromula of the type:

do

pEr— O(/dQQTldQQTdelekoTzfg(9617QTl)fg(m:QTz)D(Zlval)D(Zlvkm)

%8 (qr1 + qra + kr1 + ko — pram),

and declare it to be true up to corrections O(|prun|/Mun),
following analogy with Drell-Yan and SIDIS processes. The TMD
FFs can be extracted from eTe™ data, so constraining the TMD
PDFs becomes possible?
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Factorization violation
Arguments against such factorization are given in [colins, Qiu, 07; Rogers,

Mulders, 10°] ©

» Factorization theorems are proven in perturbation theory just as
universal structure of expansion of some quantity in the relevant limit
(IprH#|/Mun < 1 in this case) up to power-suppressed corrections.
The theorems should not depend on detailed assumptions on the
structure of colliding objects, therefore model calculations can be used
to (in-)validate them.

» The argument starts by disproving the factorization structure of
transverse single-spin assymmetry. The TSSA in the model comes from
3 types of diagrams (because they give Im parts):

S op—k L

» Suppose colliding (dashed) partons have different flavours with
different couplings to (Abelian) gluons: g1 and g2. Then the first
diagram can be considered as the contribution of (Sievers) TMD PDF
of the 1st hadron, but the second and third — can not. 11 / 28



Factorization violation

» To obtain the contribution of this mechanism to the spin-averaged
cross section, one needs to square the imaginary part, i.e. to add the
gluon exchange:

» Contributions of this kind could not be put into TMD PDF of the first
hadron in a theory with two couplings g1 and g2 and hence violate
“naive” TMD factorization with process-independent TMD PDFs.

» Detailed calculation in QCD with one coupling confirms that these
contribution does not cancel, so it is not an artifact of g1 # g2. QED.

» Later attempts to modify factorization by giving-up
process-independence of TMD PDFs just pushed the problem one

order in as higher [rRogers, Mulders, 107] .
My (vague) thoughts:
» Does this all apply to the process gg — QQ ? Maybe 771Q-suppressed?

> All arguments for Sunpol. SO far look like Auunpol ~ Im2. Does this mean that FV can be

estimated from observables sensitive to Im parts, like TSSA, and is bound to be very smali?
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PHENIX results for light hadrons

Plots from [1912.10724] ©
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The distribution width increases (logarithmically?) with pr of single
hadron, similarly to what CSS evolution of TMD PDFs would give.

How this picture looks like for heavy hadrons? At higher energies?
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(Quarkonium production
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Quarkonium in the potential model
Cornell potential:
V(r) = —CFLS(i/T) + ar,

neglect linear part, because quarkonium is “small” (~ 0.3 fm) —

Coulomb wavefunction (for effective mass 212 = 1Q);
mi1+mae 2
as?(mgwv)
05;
Im3. 0303 04
mgoC .
R(T) — Qs Fe—ﬁmcg'r‘ mg=1.5 G@,V
2 03}

2 2
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Does hydrogen atom contain photons?

Yes, if we couple Schrédinger bound-state problem to the dynamical
E-M field:

H = H. + Henr + I:IE—dip. + HM—dip. +...
V2 B - .
H., = —% + V(I‘), HE—dip. = eE(O) -r,
- eh s
Hyi—aip = %H(O) [9sS + 1 x p].
and consider the electric-dipole interaction as perturbation over
eigenstates of atom not coupled to EM field:
]f—rat. |n7 L,L,, Sz> = En,L |TL, L,L,, Sz> s
the first order of PT for ground state of H:
|H — atom) = |0,0,0, S.) |0) +
> (v (n,1,£1, S| & - E(0) [0,0,0,5.)|0)
e n,1,+1,5,
nz::l| >|’7> EOO_En71_EfY

)

+...

The corresponding correction to energy gives us the Lamb shift

[Bethe, 477] .
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Non-relativistic QCD
The velocity-expansion for quarkonium eigenstate is carbon-copy of
corresponding arguments from atomic physics (hierarchy of
E-dipole/M-dipole with AS/M-dipole transitions):

) = o |ee[s]) + 0w e [*PP] + )
+ 0% ‘cé [1558)] + g> + O0(v?) ‘CE [359)] +gg> +...,
for validity of this arguments, we should work in non-relativistic EF'T,

dynamics of which conserves number of heavy quarks. In such EFT,
QQ-pair is produced in a point, by local operator:

Axraep = (J/¥ + X| x" (0)rn1(0)[0) ,
Different operators “couple” to different Fock states:
K O9(0) & [ee ['$("] ), X ©)aw(0)  [ez [*s] ),
Y (0)o: T (0) & ‘cé [3s§8)]> . x (01D (0) ‘cé [1P1<8>]> e
squared NRQCD amplitude (=LDME):
DA = (01 whxal gy x w0} = (O7%)

oi/w

17 /28



Non-relativistic QCD
Velocity-scaling of LDMEs follows from velocity-scaling of
corresponding Fock states and of operators xx,,1:

13(1 35(1 13(8 35 g 1P1(1)3P(§1)3P1(1)3P2(1) 1P1(8) 3P0(8) 3P1(8)3P2(8)
Ne | 1 ’\ v3 vt
J/Y 1 3ot vttt
he ’U2<—_)U2
X0 vl 0
Xel (U N
Xe2 v? v?

Matching procedure between QCD and NRQCD:

v—0:Aqep(99 = Yoow)) = Z fn YQQ(U)| X' (0)rn1p(0) |O>+O(”#)’

= NRQCD factorization formula (“theorem”) [sodwin, Braaten, Lepage 957 ©

olgg = MH+X)=> olgg = QQn] + X) (O}f).

n
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NRQCD factorization: what does work?

>

>

Includes colour-singlet model for S-wave states as LO of velocity
expansion

Solves the problem of non-cancelling IR divergence at NLO in
CSM for P-wave states production and decay through mixing
with 3558) or 15’68) states at O(v?).

Covers the gap between CSM (QLO and NLO) and data at
high-pr in hadroproduction, due to contribution of CO states. it

NNLO corrections in CS are as large as needed to close this gap, then perturbative expansion is

just useless and we should stop doing quarkonia.
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Slides from M. Butenschon at QaT-2021:

3.2 Butenschon et al. LDMEs 12/18

J/y Photoproduction J/v Hadroproduction 1. Hadroproduction J/y + Z Hadroproduction

60 GoV < W <240 Gov coF daa ) . o — Tow Butenschoen ot al LOVES
5 =8TeV, Iy, <21

~1— Prompt iy, SPS

L% s o
Wi, Va=319GeV =
o

—— ToalNLO

—

10(pp I+ Z4X)0py , [1DGeV]

s\l NLO

%
]
2
kS
H
H
:
¢

Goidpy(pp-n, ) [1D/GEV]

o
yl<08 1
s - 1.96 TeV. =8Tev

LDMES: Butenschoen et al LDMES: Butenschoen et al. LDMES: Butenschon et al E .+ ATLAS data

01py PP+ X) X Brldiy—suu) (no/GeV]

0 e i e e e 6 8 10 12 14 16 18 2
o 1GeV'] pr(GeV pr(Gov)

J/y Polarization (CDF) J/y Polarization (LHCb)

PryIGeV)

Fit to 194 data points of J/y photo- and hadro-
production, yy- and e*e™ scattering
<07/¥(1508)>=4.97+0.44, <0//¥(3518)>=0.22+0.06,

' i <0//%(3P08)>=-1.61+0.20 [in 1072 GeV? or 1072 GeV®]
(57 ToV, 25 <y <4, helcty rame Ref.: [MB, Kniehl, PRD 84, 051501 (2011)]

5 10 15 2 2 e 8 w0 1z 14
Py [GeV) pr(GeV)

L

' i
V& =1.96 TeV, ly| < 06, helcity frame

M

« Data fitted to is described within scale uncertainties, other observables not.
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Slides from M. Butenschon at QaT-2021:

3.3 Gong et al. LDMEs

%
H
3
5
H
¢
s

&

J/y Photoproduction

J/v Hadroproduction

1. Hadroproduction

J/y + Z Hadroproduction

60 GeV < W < 240 GeV

LDMES: Gong ot l.

dordpy PPy X) x Brdlyn) (nb/GeV]

COFdata s Direct’s|!

9
i<08

V5 =196 ToV

LDMES: Gong ot

daidpy(pp-+n, +X) [b/GeV]

_ Gong etal. LDMES
V=BTV, ly,, <21
Prompt Jiy, SPS.

P! —— Total

6 =8Tev
LDMES: Gong ot

Br(Uyosih) dolppIig+Z+X)dpy , (16iGaV]

10
o 1GeV]

J/1p Polarization (CDF)

T 0 12 i 16 8

pyiGev]

J/1 Polarization (LHCb)

i = 1.96 TeV, Iy < 0.6, helciy frame

)

i

VG =7 TaV, 25 <y <4, helciy frame

510 2

s
Py (GoV]

@B 8 10
Py (GeV]

NN 6 18
Py iGev]

o
Pruy GV

Fit to J/1,1(2S), x.; hadroprod. yield with p; > 7 GeV.
<0//%(1508)>=0.97 +0.09, <0//¥(3518)>=-0.46 +0.13,
<0//%(3P08)>=-2.14 +0.56, <0%(25)(1508)>=-0.01 +0.87,
<0%(29(3518)>=0.34 +0.12, <0¥(2%)(3P08)>=0.95 +0.54,
<0Xe0(3518)>=0.22 +0.05 [in 1072 GeV? or 1072 GeV®
Ref.: [Gong, Wan, Wang, Zhang, PRL 110, 042002 (2013)]

« Data fitted to is described, other observables not.
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Slides from M. Butenschon at QaT-2021:

3.4 Chao et al. LDMEs

J/y Photoproduction J/v Hadroproduction 1. Hadroproduction J/y + Z Hadroproduction

60 GeV < W < 240 GeV
03<2<09
@7 <25GeV
5-319Gev

COFdata s 'S NLO . UHGbdaa  —— Toal _ Craostal. LOMES
- . - =BTV, Iy, | <21
Prompt iy, SPS

dofppdiysZe X))

;
3
3
{
H

ol (ppon,X) [P/GeV]

<08 _
V=196 ToV Ve =8TeV

LDMES: Chao ot al of LDMES: Chao LDMES: Chao otal

aldp,(pPJiy+X) x Bridlyyp) [nb/GeV]

Brldy-

—— TowlNLO - ATLASdata

o T e 580 i e 1e
o 1GeV’) priGeVI Py 1GeV)

J/y Polarization (CDF) J/y Polarization (LHCb)

10
Pru (GeV)

« Fit to CDF J/y vyield and polarization with p; > 7 GeV.
« <0//%(1508)>=8.9 +0.98, <0//%(3518)>=0.30 +0.12,
<0//*(3P08)>=1.26 +0.47 [in 1072 GeV? or 1072 GeV"]

« Ref.: [Chao, Ma, Shao, Wang, Zhang, PRL 108, 242004
15.27Tev,25 <y <4, helciy rame (2012)]

e

e 4 T

& = 1.96 TeV, Iy < 0.6, helicity frame
510

B2 2 e 8 0
Py 1oV by (GeV]

« Data fitted to is described, other observables not.
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Slides from M. Butenschon at QaT-2021:

3.5 Chao et al. LDMEs: With n,

{
H

J/y Photoproduction

J/v Hadroproduction

15/18

1. Hadroproduction J/y + Z Hadroproduction

60 GeV < W < 240 Gev
03<2<09
@7 <25GeV?
5 =319 Gev

== Sl NLO
‘sl NLO
st NLO
Pl NLO
= Total, NLO
H1 data: HERAZ
LDMES: Chao et .

0 5y ) x Brdiy) (1G]

COF data

Total, NLO

<08
V5 =196 ToV
LDMES: Chao

doldpy(pp-+n, +X) [N0/GeV]

Chao etal. LOMES
& =8TeV, Iy, | <21

. Pomptiv.SPS

LHCbdata  —— Total

=8Tev

LDMES: Chao et al. —— Total, NLO

By do(ppry+ZeX)dpy ., 1BIGEV]

10
pf1GoV?]

J/y Polarization (CDF)

4“6 8 10 12 14 16 18

pr(Gev

J/y Polarization (LHCb

4 i

V& =1.96 TeV, Il < 06, helcity frame

Py

6 =7TeV, 25 <y < 4, heliy frame.

5 10 0%

ivial: Largely unpolarized ]/
J/¥ hadroproduction pr < 7

) 27 e

8 10
Py (GoV]

6 8 10 12 14 16 18 2 0

or(GoV) Pr.y (GEV]

Fit to CDF J/4 yield pr > 7 GeV (contraining two linear
combinations M, and M;) plus the LHCb 5. production
data (constraining <0//%(1508)>)

<07/¥(1508)>=0.73 +0.73, <0//¥(3518)>=1.0 +0.3,
<0//*(3P08)>=3.8 +1.1 [in 102 GeV? or 1072 GeV®]

Ref.: [Han, Ma, Meng, Shao, Chao, PRL 114 (2015) 092005]

compatible with data (although tensions to CDF data).
eV, ]/ photo- and J/3 + Z production not described.
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Slides from M. Butenschon at QaT-2021:

3.6 Zhang et al. LDMEs

J/y Photoproduction J/v Hadroproduction 1. Hadroproduction J/y + Z Hadroproduction

60 GeV < W <240 GeV. CDFdata s Sl NLO - LHobwa  —— Toul
‘st o =

's¥ O

-- %l NLO

50lf, NLO

—— Tol NLO

Znang etal. LDMES

= 'S NLO

%
£
%
3
{
H

ol (pp-+n,+X) [0/GeV]

00 PP+ ) X Br o) [0bGeV]

LDMES: Zhang ot l. —— Towl,NLO - ATIASdata

Br(Jyspn) dofpp-siy+Z+X)dpy ., [10/GoV]

4 LOMEs: Zhang LDMES: Zhang ot al.
0

M ST 2 w1 e 60 e e
P 1GeV’) pr1GeV)

J/y Polarization (CDF) J/y Polarization (LHCb)

10
pr(Gev) Pruy (GeV)

Fit very similar to Chao et al. fit from previous slide.
Difference: Also fitted: <0//%(3511)>=(0.48+0.24) GeV?
<07/%(1508)>=0.74 +0.30, <0//*(3518)>=1.0 +0.3,
<0//*(3P08)>=3.8 +0.5 [in 1072 GeV?3 or 102 GeV5]
Ref.: [Zhang, Sun, Sang, Li, PRL 114, (2015) 092006]

g i
6 ToV, ] < 0., helicity ramo

e — 7
& =7TeV, 25 <y <4, helcly fame
10 15 20 25 : 4 6 8 10

Py (GeV] oy 1GeV]

iy

« Compared to Chao et al. fit on previous slide: Even better description of 7. production,
at the expense of introducing also tensions with other determinations of <0//¥( 3SE”)>.
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NRQCD factorization “puzzles”

Overall situation:

LDMEs J/v¢ hadropr. J/v¢ photopr. J/v polar. 7. hadropr.
Butenschon et al. X X
Chao et al. + 7. X

Zhang et al. X
Gong et al. X X
Chao et al. X X
Bodwin et al. X X

Puzzles:

» No way to describe J/v polarization in pp collisions and
photoproduction data simulataneously — “polarization puzzle”

» No way to reconcile HQSS relations between J/ and n. LDMEs
with J/i-photoproduction description — “HQSS puzzle”

» However consistent description of hadroproduction alone is
possible! and it is also a puzle...

» Bulk of double-J/1 production cross section seems to be well
understood in terms of just double 339) contribution, while
J/¥ + Z production is a mystery...
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(Improved-)colour-evaporation model

“Fock-state-democratic” version of the colour-octet mechanism. All
spin, colour and orbital momentum states contribute to quarkonium
with the same probability if their invariant mass is between 2m, or
My, and 2mp:

2mp
. dé ~
M/

» Can be extended to NLO for & of QQ-production

» Describes single-inclusive pp-spectra, with some overshoot at
high pr

» Fails to describe the bulk of J/4-pair production by factor of
10 — 100 [Lansbers et.at., 207]

» Reasonably describes J/1 polarisation in pp at high-pr [vegt, chung
» At LO has very strong z — 1 peak for J/v¢ photoproduction,
inconsistent with data, needs ad-hoc tricks to remove it [maisen]
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Fragmentation approach to quarkonium production

» ppr-spectra for partonic production subprocesses of different
Fock-states at LO have very different pp-scaling for pr > M:
~1/p% for 38" vs. 1/ph for 388, This hierarchy is removed by
radiative corrections.

» At sufficiently high order in a, all Fock-states can be produced
with ~ 1/p7. behaviour (Leading power).

» LP fragmentation formalism is well-known: the FFs at pup = M
can be computed perturbatively in terms of LDMEs

» NLP fragmentation formalism also has been developed recently

[Kang, Qiu, Sterman, 11°]
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TMD factorization for heavy quarkonia?

Due to 1kS‘((]l)—dOJ[ninaane of the 7n.-production at small pp, the
factorization violation arguments for hadron-pair production are not
valid for this state ?! But TMD factorization for the pr < M regime
of 7. production is not simple. It includes new object — TMD shape

functlon [Echevarria, 19’; Fleming, Makris, Mehen, 19°] ©

S(br) = (0] wT(bT)HLX(bT)aB/¢aJ/wXT(O)Hnw(o) 0) ,

where transverse coordinate by is Fourier-conjugate to the transverse
momentum (kz) of the QQ-pair in the quarkonium, relative to the
“light cloud”.

My worry: the radius of quarkonium WF is ~ 0.3 fm against radius of the proton ~ 1 fm. Does it
mean that (kp) y/, ~ 3(ap)p ? If so, then what we study in the J/4 pair production: structure of

the proton or quarkonium?
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