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© Polarization
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@ Polarized calculations at O(a?)
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@ pr-dependent calculations in kr-factorized ICEM

@ Polarized calculations in collinear ICEM at O(a3)
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Quarkonium: A Bound State of QQ

Bound by the interquark potental: V/(r) = or — a/rl!]
@ linear term refers to the confinement
@ 1/r term refers to the Coulomb-like short distance behavior
o o =0.192 GeV?, a, = 0.4711%
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'E. Eichten et al., Phys. Rev. D 17, 3090 (1978).
2F. Karsch, M. T. Mehr, and H. Satz, Z. Phys. C 37, 617 (1988).
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Quarkonium Families — Charmonium and Bottomonium

Charmonium Bottomonium
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@ A spectrum of states come from combination of two spin 1/2 particles
and orbital angular momentum — different spin states 2°+1[

o All physical states are color singlets: 25+1[ 1]

e The S states below the HH (H = D, B) threshold decay
electromagnetically into ¢4~
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Detection

iment at the LHC, CERN
2018-Nov-08 23:00:35.173312 GMT
L5: 326392 / 3003879 /56
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o S states (JP¢ = 177) decay to £T¢~, so they can be observed as
peaks in dilepton mass spectra

o x(nP) states (JP¢ = J*1) can be reconstructed by matching an
S state with a low momentum photon

@ 7 and 7y states (JP¢ = 0~7) decay hadronically
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Discovery and Production Models

Discovery of J/y Discovery of Y Nonrelativistic QCD
BNL/SLAC Fermilab (NRQCD)
1974 1977 1981 1995 >

T T

Color Evaporation Model Color Singlet Model
(CEM) (CsM™)

Color Evaporation Model [Fritzsch 77; Halzen 77; Gliick, Owens, Reya 78]

@ spins and colors are averaged

CO|0I’ S|ng|et MOdel [Berger, Jones 81; Baier, Riickl 81, Schuler 94, Lansberg 11]
@ only color singlet contribution is considered

Nonrelativistic QCD (NRQCD) [Bodwin, Braaten, Lepage 95]

@ separate all spin and color states
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Quarkonium Production Models

We are not able to accurately describe every observable associated with

quarkonium production using one production model with one set of model
parameters.

Observables
@ Yields and distributions of the S state quarkonia
@ Yields and distributions of n's and x's
@ Production of one state realative to another (e.g. ¥(2S) to J/4)

@ Production of one spin state relative to another (i.e. polarization)

Production models are still unsettled
@ J/1¢ and T are discovered in 1974 and 1977 respectively
@ The quarkonium production mechanism has not been solved

o Different models were developed to describe the observables
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Quarkonium Production Models

Color Evaporation Model (CEM) [Fritzsch 77; Halzen 77; Gliick, Owens,
Reya 78; Gavai et al. 95; Schuler, Vogt 95]

Leading order cross section:
4m
. — QZ/ ds/dxldXQf/p x1, 12)F 152, 12)85(8)5(8 — x1305)

Fo is a universal factor for the quarkonium state (Q) and is independent
of the projectile, target, and energy.

e all Quarkonium states are treated like QQ (Q = c, b) below HH
(H = D, B) threshold

e all diagrams for QQ production included, independent of color
o fewer parameters than NRQCD (one Fg for each Quarkonium state)

@ Fo is fixed by comparison of NLO calculation of O'gEM to /s for J/4
and T, o(xg > 0) and Bdo/dy|,—o for J/v, Bdo/dy|,—g for T
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Quarkonium Production Models

CO|OI’ S|ng|et MOde| (CSM) [Berger, Jones 81; Baier, Riickl 81, Schuler 94, Lansberg 11]

@ constrains the production of QQ to the color singlet state only

o the produced QQ pair does not change its color and spin between
production and hadronization

do[Q+ X] = Z/dXidefi(XhNF)ﬁ(’g:MF)d&i+j_>(QQ)+X(NRaUF)
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Quarkonium Production Models

Non Relativistic QCD (NRQCD) [Bodwin, Braaten, Lepage 95]

an Effective Field Theory where production is described as an
expansion in powers of as and the heavy quark velocity, v/c

At each order, the production is further factorized into perturbative
Short Distance Coefficients and non-perturbative Long Distance
Matrix Elements (LDMEs); e.g. for J/v, 0/ = >, ch[,,]<OJ/"5’[n]>
Oce[n) are cross sections in a particular color and spin state n
calcuated by perturbative QCD

including 351[1] (singlet), and 3P58],351[8] and 15([)8] (octets)
(O0?/¥[n]) are the LDMEs that describe the conversion of c¢[n] state

into final state J/4, assuming that the hadronization does not change
the momentum

LDMEs are conjectured to be universal and the mixing of LDMEs are
determined by fitting to data

Vincent Cheung (UC Davis) Nuclear Theory Seminar Aug 3, 2020 11/54



Quarkonium Production Models

Improved CEM (ICEM) [Ma, Vogt 16]

2mpy
o = FQZ/ dM/dXid)gﬁ(XiaﬂF)ﬂ'(XﬁNF)d(ATijﬁcEJrX(Pca/iR) Bars
— [,
7 My

m

Pce=m,

where My, is the mass of the charmonium state, .
@ first new advance in the basic CEM model since 1990s

@ able to describe relative production of ¢ (2S) to J/v, where the ratio is flat
in the traditional CEM

@ distinction between the momentum of the ¢C pair and that of charmonium
so that the p7 spectra will be softer and thus may explain the high pr data
better

@ employed to calculate production and polarization of all S states, and
relative production of x states
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Results in the CSM
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@ LO and NLO calculations underestimate the Tevatron pt distributions

@ Recent advancements in CSM show that by adding real-emission
contribution at NNLO, CSM can describe the distributions!3!

(NNLO*)

3J.P. Lansberg, J. Phys. G 38, 124110 (2011).
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Decomposition of NRQCDI*!
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@ CS alone is well below data
@ Sizeable NLO CO corrections

*M. Butenschoen and B. A. Kniehl, Nucl. Phys. Proc. Suppl. 222-224, 151 (2012).
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Relative production in NRQCD

@ (2S) to J/1) ratio agrees c
with data at most p7[°] 3’ ++
e relative production of x. and § e
Xp are dominated by CSM o
contribution!”] )

pr [GeV]

@ LHCh(unl) ¥ cMS M ATLAS
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s
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5S. P. Baranov and A. V. Lipatov, Phys. Rev. D 96, 034019 (2017).
TA. K. Likhoded et al., Phys. Rev. D 90, 074021 (2014).
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nc production in NRQCD

M. Butenschoen, Z-G He, and B. A. Kniehl, Phys. Rev. Lett. 114, 092004 (2015).
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@ all results so far overpredict LHCb 7. yields
results can be described by CSM alone

e PRL 114, 092005 (2015) and PRL 114, 092006 (2015) describe the
nc results but not the J/1 polarization
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Results in the CEM!8I

e one fitting factor (Fg) for each quarkonium state (Q)

@ great consistency with experimental results over large range of /s
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8R. E. Nelson, R. Vogt and A. D. Frawley, Phys. Rev. C 87, 014908 (2013).
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Results in the CEMI8:9]
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@ overall less rigorous, but accurate predictions

__@ no advances in the basic model since 1990s
8R. E. Nelson, R. Vogt and A. D. Frawley, Phys. Rev. C 87, 014908 (2013).
°G. A. Schuler and R. Vogt, Phys. Lett. B 387, 181 (1996).
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Results in the ICEM
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o Ma and Vogt, PRD 94, 114029 (2016).

ICEM
10°
S =7Tev,2.5¢y<4
102 Py
10
1
107
o 2 4 6 8 10 12 14
pr (GeV)
10 [+]
0 ICEM
- S =TTev.25<y<a
10?
10
1

0 2 4 6 8 10 12 14
pr (Gev)

Nuclear Theory Seminar

explicit charmonium mass

dependence — the ratio of
cross sections is no longer

pr-independent

distinction between the
momentum of the cC pair
and that of charmonium —
pT spectra will be softer and
thus may explain the high
pT data better
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Model Development

Discovery of J/y Discovery of Y Nonrelativistic QCD
BNL/SLAC Fermilab (NRQCD)
1974 1977 1981 1995 2016
b o
Color Evaporation Model Color Singlet Model ICEM
(CEM) (CSM)
Summary

@ Start with a simple model by averaging over all color states (CEM).
@ Make more sense by limiting to only color singlet production (CSM).

@ Bring in the contribution from the color octet states through
non-perturbative parameters (NRQCD)

@ Improvements are made on the traditional CEM to give more and
better descriptions (ICEM).
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Tests of Models

o CEM and NRQCD remain the most commonly used models today.

@ They can predict yields and relative production of different
quarkonium states.

@ What about the relative production of different spin projection states
of the same quarkonium state? — Polarization

(I)CEM

@ Less rigorous

NRQCD

@ More rigorous

° i :
Fewer fit parameters A Do ( pRrameiess

@ Applied extensively to only

@ Applied to all collision systems
hadroproduction (so far) o 4 ,
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Polarization of Quarkonium

0 do/d6

15

0.5

— — totally transverse

B B R UL
| )

o defined as the tendency of quarkonium to be in a certain angular
momentum state given its total angular momentum

@ e.g. an unpolarized J = 1 production means J, = -1, 0, +1

production is equally likely

@ longitudinal — peak at ¥ = 7/2; transverse — peaks at ¥ = 0,7
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Polarization Measurement

Z
] quarkonium
yi rest frame
: " o+
production g
plane \ D

4/\‘2

® \y

X

quarkonium
rest
frame

@ There are three commonly used choices for the z-axis, namely zyx
(helicity), zcs (Collins-Soper), and zg, (Gottfried-Jackson)

@ ¥ is defined as the angle between the z-axis and the direction of
travel for the /T in the quarkonium rest frame
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Extracting Polarization

do

g9 1+ Xgcos? 0 + Ay sin? 0 cos(26) + Mgy sin(26) cos ¢

@ Polarization parameters can be obtained by fitting the angular spectra
as a function of 8 and ¢

@ One can write ¢9 = ¢ — 5 F 7 for cos < 0, then(12]
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2] Abt et al. (HERA-B Collaboration), Eur. Phys. J. C 60, 517 (2009).
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Importance of Polarization

@ Polarization predictions are 10— 310°
. == |
strong tests of production it Ty 410°
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B3R. Aaij et al. (LHCb Collaboration), Eur. Phys. J. C 71, 1645 (2011).

*G. Aad et al. (ATLAS Collaboration), Nucl. Phys. B 850, 387 (2011).
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Polarization Puzzle

Included in fits
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pt > 3 GeV

Gong et al.
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Chao et al.
pt > 7 GeV
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T(nS) Polarization in NRQCD

B. Gong, L. P. Wan, J. X. Wang and H. F. Zhang, Phys. Rev. Lett. 112, 032001 (2014).
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@ polarization of T(nS) is better described than for J/1)

@ polarization prediction in NRQCD is improved by including the feed
down decays from x,, states (bottom row)
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Separate different S, states
from the total production

Extract orbital angular momentum, L
Move from

Feed down
traditional CEM— — — — — = mechanism
to ICEM included

Explore the p, dependence
Using k-factorization

Explore the p, dependence
Using collinear factorization

—

@ No polarization calculations made in the CEM family before 2017.
@ It is worth revisiting back the CEM to calculate polarized results
@ VC and Ramona Vogt made a few calculations using the (I)CEM.

k, Factorized Calculations Collinear Factorized Calculations
/v

a2




Polarization in collinearly factorized calculation at O(a?)

Polarization in HX/CS/GJ frames
e At O(a?), QQ can only be produced with pr = 0.

@ There is no difference in the three commonly used axes.

o We started by projecting the spin of the heavy quarks onto beam axis.
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Scattering amplitudes used at O(a?)

In terms of the Dirac spinors u and v, the individual amplitudes at leading

order are
A = S v (V)" u(k
g2 ’ — /

Ags = —S{ -2k (@K V()]

+ 2k (k) [a(p k) V(p)]

+ (k) e(KEP K~ B)v(p)]}

2

Agge = —5 s U(P KK = B+ M(K)V(p) .
A = == TP KK = b+ MAK)V(p)

o A's are separated according to the S, of the final state
@ Orbital Angular Momentum is extracted before squaring the

amplitudes
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Orbital Angular Momentum

At leading order, the final state QQ is produced with no dependence on
the azimuthal angle and thus L, = 0. To extract the projection on a state
with orbital-angular-momentum quantum number L, we determine the
corresponding Legendre component A; in the amplitudes by

1
Ai—g = ;/ dxA(x = cos?) ,
-1
3 1
Ai=1 = 2/ dx xA(x = cos9) .

-1

L = 2 amplitudes are not needed for S and y states production.
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|J, J;) States

Two helicity combinations that result in S, = 0 are added and normalized

to give contribution to the spin triplet state (S = 1). We calculate the

amplitudes for J = 0,1, 2:
Aj=1,0,—+1
Aj=1,0,=0 =

Aj—0,s,—0 =

Ajm1,0,=41 =

Aj=1,4,=0
Aj=z j=42 =

Aj=z j=+1 =

Aj=2 j,—0

Vincent Cheung (UC Davis)

Al=0,1,=0;5=1,5,=+1 , (S States)
AL:O,Lz:O;Szl,SZ:O ,(5 States)

1
- \/;-AL:LLZ:O;Szl,Szzo , (xo States)

1
—Al—11,-0:5=1.5,—+1 , States
$\ﬁ [=1,0,=0:5=1,5,=+1 » (X1 )

0, (x1 States)

0, (x2 States)

1
EAL:I,LZ:O;S:LSZ::I:I , (x2 States)

2
\/;AL:LLZ:O;S:I,SZ:O . (x2 States)
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Production formula in collinear CEM at O(a?)

CEM using collinear factorization approach
4m,2_,
o = FQ Z / , d§/dX1dX2f;'/p(X1,uz)G/p(XQ,u2)5’ij(§)(5(§ - X1X25) s
hy O

Convoluted with the CTEQ6L1 parton distribution functions (PDFs)

a is calculated at one-loop level

1.27 < m. < 1.50 GeV, 4.5 < mp < 5.0 GeV

Assumed that the polarization is unchanged by the transition from
the parton level to the hadron level

o
o
@ We took the factorization and renormalization scales to be p? = §
o
o
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Feed Down Production!®

CEM polarization calculations assume two pions are emitted from an S
state feed down and a photon is emitted from a P state feed down.

J,=0 J: p J,=0 Jr pds
RJ/w = ch,sw R 18)—ZCT5 R,

¥,z T,J;
Q Mg (GeV) cq SF=° sF=!
J/% 3.10 062 1 0
¥(25) 3.69 008 1 0
Ye1(1P) 3.51 016 0 1/2
XC2(1P) 3.56 0.14 2/3 1/2
T(15) 9.46 052 1 0
T(25) 10.0 0.1 1 0
T(3S) 10.4 0.02 1 0
xb1(1P) 9.89 013 0 1/2
sz(lp) 9.91 0.13 2/3 1/2
Yb1(2P) 103 005 0 1/2
Xb2(2P) 10.3 0.05 2/3 1/2
185 Digal, P. Petreczky, and H. Satz, Phys. Rev. D 64, 094015 (2001).
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Presenting Polarization

@ The tendency for quarkonium states of spin J to be in a particular
|J, J;) state is known as polarization

For S state (J = 1) quarkonium, if J, = 0, then it is longitudinally
polarized

If J, = 41, then it is transversely polarized

It is typical to represent the polarization in terms of the polarization
parameter, Ay, which ranges from -1 to +1

@ For the S states, Ay = —1 refers to pure longitudinal production while
Ay = +1 refers to pure transverse production

JP =17 (S states)[*]

ole=F1 4 gli=—1 _ 0;4:=0

A =
9 O'Jz:+1 + O-Jz:*]- _.I_ 2O-Jz:+0

TP Faccioli, C. Lourenco, J. Seixas, and H. K. Wohri, Eur. Phys. J. C 69, 657 (2010).
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Presenting Polarization

@ For the x1 (J =1) and x2 (J = 2) states, the polarization parameter
is defined as the polarization parameter of the product J/v or T(nS)
if production comes purely from y state feed down

® xc = J/Y 4+, xp = T(nS) +v

JP = 1% (x; P states)!*8]

25de=0 _ gle=t1 _ jhe=—1

204:=0 4 3gJz=+1 4 35/=-1

Ay

JP = 2% (x, P states)!l

—607-=0 — 3g5-=H1 4 6g=12 — 3571 4 o J-=2

A =
v 100%:=0 + 9gz=+1 + 65/:=+2 + 9g-=—1 + 65 =2

18p_Faccioli et al., Phys. Lett. B 773, 476 (2017).
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Jy =42 J=t+1 _ ghe=—1

In our calculation, we have o =0and o , so the

polarization parameters can be written as:

1—3R:=0
1+ R0

_3_ 3RJz=O




Comparing xg Dependence with Fixed-Target Data'®

CEM polarization calculation using collinear factorization:

g E
;—:205?
P 41— S 061
J7 =1" (S states) osf
02
sy
E -
1 - 3RJ270 025 ’,-/’ prompt Y(1S) p+Cu |5, = 38.8 GeV
e —
)\19 — _ —0.4F CEMLO 4.5 GeV < m, < 5.0 GeV CTEQ6LL
1 + RJZZO o6 [E=] CEMLO 45 GeV <m, < 5.0 GeV GRV98 LO
E [E-] cEM LO Q12 < < 2Q CTEQ6LL
08 = FNALES66
| S P I U T WU I B I

Xg (x1 — x2) Dependence (EPS09 for Cu PDFs)

e longitudinally polarized at small |xg| and transversely polarized at
large |xg|
@ prediction is consistent with the ~ 0 polarization for T(1S)

1°C. N. Brown et al. (NuSea Collaboration), Phys. Rev. Lett. 86, 2529 (2001).
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Calculation at O(a?2) using kr-factorization

In our calculations using kr-factorization, we compute the scattering
amplitdues A(RR — QQ):

ARR = QQ) = e(k)'e(K')" Aulgg — QQ),
kt

6(k)u = (07 Wa

0),

A's are separated according to the S, of the final state. We then

determine the corresponding Legendre component A; in the amplitudes by
1 1

A= = / dxA(x = cos ) ,
2/

1
A1 = g/ dx xA(x = cosf) .

-1
L = 2 amplitudes are not needed for S and y states production. Only
Agg's are used in the kr-factorization approach
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Production in kr-factorized ICEM

Production cross section

o = FQ/4de5/dX1/dx2/dklr /dk2 /d¢1/d¢2

®1(x1, k17, Q1) P2(x2, ko1, Q2)6(R + R — QQ)
X 5(S—X1X25+’k17-—|—k27-| )

X

Parameters used

o We used JH-2013[%] unintegrated (transverse-momentum-dependent)
PDF set for ®(x, k1, Q)

@ factorization scale set at Q = mt
@ 1.27 < m. < 1.50 GeV, 4.5 < mp < 5.0 GeV
° 3 < <2
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Charmonium production in kr-factorized ICEM!20!

p+P—> ¥(2S), Vs =1.96 TeV ] 10°
IyI<08, F o =017 E
s m ICEM 11
3 N = CDF data (prompt) 3
_% Prp— Iy, V5=7Tev
< 20<y<45F, 700215\\ 710
- B cem12%m c<15 k|
k<] I:IICEMOS<“—<2 N 41
8 I:IICEMO.5<F:<2 1
= LHCb data (fully transverse) 5 107
= LHCb data (fully longitudinal) E
-1 L L L L
W™ 27724 6 8 10 12 14 5 10 1 20 25 30

5
p, (GeV) p, (GeV)

@ We obtained F/y, while assumming a constant direct-to-inclusive
ratio of 0.62 for J /4.

@ We also compare our directly produced 1(2S) to the prompt
production of 1)(2S) to obtain Fy(ag).

@ The ICEM with kt-factorization is able to describe the yield, but
having a strong dependence on factorization scale at high pr.

V. Cheung and R. Vogt, Phys. Rev. D 98, 114029 (2018) and 99, 034007 (2019).
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Ye production in kr-factorized ICEMI[%]

s 9 9 s
10 PSSR 10 ST A R
< y<0.75,F, =0.18 < yI<075,F, =02
8 106 e e 8 ek e 102
g K = ATLAS data (prompt) 8 = ATLAS data (prompt)
k- 5
X X
g 10 10 g 10 10
) B
S 8
1 L L L L L L L 1 ]
74716 18 20 22 24 26 28 30 14716 18 20 22 24 26 28 30
p, (GeV) P, )
1
r p+p— 1, Vs=7TeV
g-:, yi<0.75 ,g‘z
% o [E rcem 0
[+3]
? o7k Jo7
& 0.6 *  ATLAS data (prompt) ) ¢
g* o }
3 gsF—t ] ]
T 050 =05
oL L T T E|
@ 0.4?1H t —F—Jo4
o 03f o3
S 02 o2
(RS o1
0157476 18 20 23 24 26 28 30
p;'=pr (GeV)

@ We also compare our results to . production at ATLAS to obtain
the Fg's as well.
@ We found the relative production is stable at high pr. This is

consistent with the data.
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Prompt and inclusive J/1 in kr-factorized ICEM!?]

10*
LHCb data

[ CcEM,25<y <4

[T IceEM collmear 25<y<4

\— 1 1 1 1 1

024 "% "8 70 2 4
p, (GeV)

_10°F 410°
> E 3

] 2L 1402
5 10°g 310
€ ! E

o L Y

o 10 E p+p— J/y (prompt), Vs =7 TeV ~ " = 10
) £ [ ICEM k;, 2.0 <y < 4.5, fitted F s

:

dPo/(dp, dy) (Ub/(GeV/c))

e .H.,,‘;@‘ i

ALICE, inclusive Jiy, 25 <y <4
—a-pp 13 TeV, Eur. Phys. J. C77 (2017) nnMQ?L 32pb global syst. 3.5
—6~ pp 8 TeV, Eur. Phys. J. C76 (2016) no4 184, L 12pb g\uba\sysls

pp7TeV, Eur PhstCMrZDMJ nnﬁzgﬂ. = 140" global yst 5.

B -o-ppSTeVL =1.2pb", gobel syst. 1.9%
=

[ [ ICEM V. Cheung et .+ FONLL) (pp 5 TeV)

] ICEM (V. Cheung et al. + FONLL) (307 TeV) |
= [ ICEM (V. Cheung ef al. + FONLL) (pp 8 TeV)

I [01CEM (V. Cheung efal + FONLL) (3p 3 TeV) - -4

fo
%

e With all the Fg's fitted for all S states and P states, the prompt J /1)

yield can be calculated.

@ The kr-factorized ICEM agrees with previous collinear (I)CEM

calculations.

@ When B feed-down is also added using FONLL, we found agreement
with inclusive J/1 production in a large range of beam energies.
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J /1) polarization in kr-factorized ICEM!?]

Polarization is independent of Fg and scales, mass is the only uncertainty

1 1 2
r +p— Jy, s =7.0TeV 7 =
g'g Z.op< y xx.ss(cs vramee) 20'2 STAR (a)
04 (oM s [ O Jy-e'e, HX, [yl<1.0
0.2 * LHCbdata —o.2 1 @ J/y-p, HX, |y|<0.5

Y

“\‘\‘\ '\\),%?‘\‘\‘\‘\
¥
)\9

-0.6| 0.6
-0.8 -0.8
- R N I F T
p, (GeV) -1 (] ICEM(prompt) 1.2 <m < 1.5 GeV

@ We found the prompt production of J/1) is slightly longitudinally
polarized in the CS frame.

@ Slightly transversely polarized in the HX frame.
@ Agreement with polarization data is frame-dependent at low pr.
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T production in kr-factorized ICEM!20]

— 10 p+p—>Y(18), /s =7 TeV 10 310
> <24,F =00141 3
8 % ICEM?5 < m, <5 Gev ]
£ 1 i 1 ]
re) [0 1cEM05 <oE <2 —
= e g
= [T 1cEM05 <52 <2 , 2
= 107 i 107 =
Y = CMSdata [id]
g ~ X
& 10° 102 3
©
X S
g 10° 10°
B
©
107 3 4 102
P, (GeV) y

@ The py-distributions for T production also have a strong dependence
on factorization scale at high pr.

@ When the factorization scale is set at mt, both pr and y
distributions are described.
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T polarization in kr-factorized |ICEM![20]

Polarization is independent of Fg and scales, mass is the only uncertainty

[ 1 1 1
[ ppody, G=7TeV ] pipo Iy, 5=7TeV ]
0.8~ 25<y<40(CStrame) 08 0.81- 25<y<4.0 (HX frame) 108
06 [ icem —Jos 0.6 [ cem Jos
g'gf = ALICE data (inclusive) fg'g g; X = ALICE data (inclusive) ig'g
oo } S0 3 o o
-0.2F o2 -0.2F -+ +o2
—04F doa4 04 —+ doa
~0.6] 06 -0.6F 06
-0.8F J-o08 -0.8F Jo8
B T T B S Sy B S Y T T S S Sy S S ST
P, (GeV)
ks prp—Y(1S), (5= 7 TeV
-8 Iyl < 0.6 (HX frame) Q108
6 [ 1cem 206
4 o4
P CMS data o2
A S 0
2 0.2
4F H-04
Jos
—-0.8
Lo "
15 20 25 30 35 40 45 50

@ Agreement with polarization data is also frame-dependent at low pr.
@ At high pt, the polarization becomes unpolarized.
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Collinear ICEM at O(a?)

e We consider all 16 diagrams from gg— ccg, 5(+5) from gq(g)— cC
q(g), and 5 from qg— cCg with the projection operator applied at the
diagram level.

@ The cC produced are the proto-charmonium before hardonization.
The mass of the charmonium will then fix the relative momentum of
the heavy quark, k.

® py =pc+pc k=3(pc—pc)
@ The polarized cross sections are then computed using the appropriate
polarization vector for the charmonium:

® 0= 7(p,0,0,E), €y,x = F5(0,1,£i,0)

@ All final state momenta are integrated while restricting py, - k =0
@ We used the CT14 PDFs in our calculations.

@ kr-smearing is applied to the initial state partons to provide better

description at low prt

Vincent Cheung (UC Davis) Nuclear Theory Seminar Aug 3, 2020 49 /54



Collinear polarized ICEM at O(a?)

Production distribution

d%c 2

dordy

mpy
dmw/d§dX1dX2fi/p(X17Mz)ﬂ/p(Xz,Mz)dfoa:Hx,
ij={a.g.6} " M2

@ First pr-dependent polarization results using collinear factorization

@ Should not have strong dependence on factorization scale as in ky-factorized
approach.

1.18 < m. < 1.36 GeV

pr/m= 21753

i fm = 163

same set of variations used in MV (2016) and NVF (2013)
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ICEM polarized cross sections using collinear factorization

4 _ 10t 1 1
10 E 510 08 p+p— Jy, (s =7.0 TeV Jos
E 4 Pl 2.0 <y <4.5(CS frame) e
_10°k 210° 0.6 ICEM 0.6
E F ] 0.4 LHCbdata 04
e 107 Ep+p— Jiy, Vs =7 TeV E 10? N 0.2 102
S [20<y<45F =00283 E =g Jo
- T - < L 4
g 10 eem 410 ot )
= E = = [ B
5 F ] -0.4F —-04
1 = LHCb data (fully transverse) 41 70_65 j4).6
= LHCb data (fully longitudinal) 3 -0.81- 108
-1 L L L 4 L L L L L L
Wo =22 6 _8 10 12 14 I R S TR RV
P, (GeV) P, (GeV)

@ kr-smearing gives a small kick < sz >~ 1 GeV? to the inital state
parton. This is not needed in ky-factorization approach as the uPDFs
are kt-dependent.

o These are preliminary results(?!! with uncertainty bands constructed
by varying the charm quark mass. Uncertainties from factorization
and renormalization scales are not included yet.

@ We find some agreement with the polarization data.

21V Cheung and R. Vogt, in progress.
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Other polarization parameters in collinear ICEMI?!]

Azimuthal anisotropy!'”] Frame invariant parameter!’]
A 2Re[a+1ail] :\ . )\9 - 3)\¢
¢ 2 - _
1 1 1 11
0.8 p+p—> Jiy, Vs =7.0 TeV -0.8 0.8~ p+p—> J/y, 5 =7.0 TeV -0.8
0.6 2.0 <y <4.5 (CS frame) Jos 0.6 20<y<45 —os
04 o 0.4F ICEM Jjo4
_o2b D IoEM 0.2 0.2f —o.2
0.2~ —-0.2 -0.2~ —-0.2
-0.4F —-04 -0.4f —-04
~0.6 —-0.6 -0.6 —-0.6
-0.8- —+-0.8 -0.8F —-08
e e 0 2 14 R R N T
P, (GeV) o (GeV)

@ We found that the invariant polarization parameter is close to zero.
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2Relay1a* 4]
N+ a3

1 - Ao=-13 |
* Ao =+1/5 >‘=+l ‘ A, =-1/3 > i=-1
/\w=+1/5
t Ag=+1
), =-1/3 J
% J

o Calculating invariant A removes frame-induced kinematic
dependencies
@ Our preliminary result is near-unpolarized

Ap =




Conclusion and Future

In this talk, |

o reviewed different models developed to desribe the quarkonium yield
in high-energy collisions

@ reviewed recent attempts to solve the polarization puzzle

@ suggested the (I)CEM is worth exploring in polarized production

Questions to be answered in the future:
@ NRQCD is rigorous, but still can’t describe the 7. production and
J /1 polarization simutaneously using the same LDMEs and HQSS.

@ CEM is less rigorous. It describes the yield and perhaps polarization
in hadroproduction. How about other collision systems? How about
nc for ICEM?

@ How do cC's end up in J/1)? Can we describe the mechanism beyond
Fgo's and LDME's?
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