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Overview

© Introduction
@ quarkonium
@ production models
@ polarization

© ICEM Polarization at Leading Order
@ polarized cross section at parton level
o feed down production treatment
@ energy and rapidity dependence
@ comparing xg dependence with data

© ICEM Polarization using kr-factorization Approach
@ pr distribution
@ comparing pT1 dependence with data

@ Conclusion and Future
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Quarkonium: A Bound State of QQ

Bound by the interquark potental: V(r) = or — ac/rl!]

@ linear term refers to the confinement

@ 1/r term refers to the Coulomb-like short distance

e 0 =0.192 GeV?, a, = 0.471[2]
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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
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e states above the HH (H = D, B) threshold decay hadronically

e states below the HH threshold decay electromagnetically to lower
energy bound states (feed down)
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Discovery and Production Models

Discovery of J/y Discovery of Y Nonrelativistic QCD
BNL/SLAC Fermilab (NRQCD)
1974 1975 1977 1983 1995 >
Color Evaporation Model Color Singlet Model
(CEM) (CSM)

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

@ spins and colors are averaged

Color Singlet Model [Berger, Jones 81; Baier, Riickl 81]
@ 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

Non Relativistic QCD (NRQCD)

e.g. for J/1, 04y = 3, 0eeln(O7¥[n])
Oceln) are cross sections in a particular color and spin state n
calcuated by perturbative QCD

(O0?/¥[n]) are nonperturbative Long Distance Matrix Elements
(LDMEs) that describe the conversion of c¢[n] state into final state
J /1, assuming that the hadronization does not change the kinematics

LDMEs are assumed to be universal and are expanded in powers of
v/c and as

leading term is n :351[1], corresponds to the color singlet model

color octet states are subleading terms n = {15(%8], 351[8], 3P58]}

mixing of LDMEs are determined by fitting to data, usually pt
distributions above some p7 cut

Vincent Cheung (UC Davis) Heavy Flavor Workshop 2017 Oct 31, 2017 6 /31



Polarization Puzzle3

Included in fits

Butenschon
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pt > 3 GeV

Gong et al.
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Chao et al.
pt > 7 GeV

ete

ep

pp pr
distribution

pp
polarization

3 F . eLEdatmvi- 108 Gov GGov<W<zioGeV | Z o ATUAS data: 432 7 ToV s \_/’—/_’
5 b —— 051c0.NL0:Buerscronctal . 0s<zco9 | & o7
i1E ! 0
B S0 N, o oo GeresTev
ges b E] ¥i<0s 04
z I o
3 af 3
H By Fobu,
s f E 1
H o o t
L2 T o4 N
B o - 5y + X ety ame
os ; 1 data HERAZ < COF date: 3 = 196 TeV, y <05
§ —— 05:CO.NLOBusnscronatal. | § 10 F —— 5.0, NLO: Butnschen et 08 £ 05,00, NLO: Butenschon st l
° o o o ER T T A R R R
@ © #(6eV] © by (GeV) @ P 1GeV]
a5 F ‘
[EETP—— ooV < <2400 o TS dat: 47 eV o
3 | — csiconio:congetal 7. 55208 e
E P o
5 o . CoFdms 19670
gost P E Nt o
g 2 N \—/‘
: i o
% o f 5 4 EI =
: S = 1o ot
TisfE N < 02 oo
K Al 20
° ik g 7 04 N
L g0 05 95 - diy -+ X, hfcty fame
os b | S0 H1 dota: HERAZ ] s COF data: G - 1.96 TeV, ] <06
o — 0800, N0 Gang el 5 10 "F —— cs.co, NLo:Gong etal 08 | 65.CO,NLO:Gongetal
° o o . ER R - S T e
(o) L of (GeV) (@) Py GeV ) PrliGeV]
s _ = ;
& BELLE data: i - 106 GV acevweziocev | |5 T ATAS cate 37 oV s
3 b — cs1co.nL0: Craoetal b, 8 W07
2 o
L ) = COFdata; Vs=196TeV
gas 10 we< 04
: i
5 b § . Eo <
H 0 : B . u
?s b B g 7 |
{ o : T . I
3 4 o oaeRar ® £ oe 55 iy + X, el rame
os b | 10 1 data: HERAZ IRRH GOF data: 43 - 1.9 ToV, y <06
o — 0800, NO: Chaoetal $10°F — cs.co,no:cravetal 08 £ 65400, NLO:Chao et a.
° o o o IR TS T w s
W [ o (GeV?) ) by (GeVl 10} py[GeV]

3N. Brambilla et al., Eur. Phys. J. C 74, 2981 (2014).
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Quarkonium Production Models

Revisiting the Color Evaporation Model

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

does not separate states into color (or spin)

color is said to be ‘evaporated’ away during transition from pair to
Quarkonium state while preserving the kinematics

mostly calculated by perturbative QCD

fewer parameters than NRQCD (one F( for each Quarkonium state)
Fq is fixed by comparison of NLO calculation of agEM to /s for J/v
and T, o(xg > 0) and Bdo/dy|,—o for J/v, Bdo/dy|,—o for T

spin has been averaged over, no previous prediction of polarization in
CEM until 2017
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Improved Color Evaporation Model [Ma, Vogt 1609.06042]

Leading Order Total Cross Section

ampy A 2 DNE. AN A
0= FQ § /2 dS/XmdXQﬁ/p(Xl,/l )G/p(x27:u’ )UU(S)(S(S - X1X25) )
ij 7

Fq is a universal factor for the quarkonium state and is independent of the
projectile, target, and energy.

Leading Order Rapidity Distribution
do M s o
T=Fa X [l )2, 12)35(8)
ij "Me

where x1 2 = (1/3/s) exp(£y).

and mg is the mass of the quarkonium state Q.

/N In the tradition color evaporation model, the lower limit is 4m? or 4m?.
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Polarization of Quarkonium

@
N
8 L
0oor
1.5—
l;
0.5
L — — totally transverse
L — . unpolarized
L = totally longitudinal
A S E P SRR B SR 4
0

6

@ 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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Defining Polarization at Leading Order

Polarization in the Helicity Basis

@ helicity is the projection of angular momentum onto the direction of
momentum

o if the helicities are the same, then J, = 0 (longitudinal)

o if the helicities are the opposite, then J, = £1 (transverse)
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Scattering Amplitudes

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

order are
Asg = S PIT(R) u(K)]
Aggs = B 2K (R a YK (P)]
+ 2k (K@ ()P
+ (k) (KR K~ Bv(p)]}
Agge = — 5T KK = B+ MKKR)V(P) .
A = —= TP KK = b+ MAK)V(p)

o A’s are separated according to the S, of the final state
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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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Polarized Partonic Cross Section*

JP =17 (S States)
67=°(8) = 0,
2
Ado=+1(4 wevs
O-qﬁ (S) - 9§ X
_ a2 M? 14+ x\2
~J,=0(2 _
% = g e (o)
S SX X
sh=t1(s) — m3a? (V& —2M)(37V/5 + 38M)
& 15365 (2M + 1/3)2 '

where x = /1 —4M?/5 and M ={mc,mp}.

*V. Cheung and R. Vogt, Phys. Rev. D 96, 054014 (2017).
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*V. Cheung and R. Vogt, Phys. Rev. D 96, 054014 (2017).
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qq
2
Ad,=F1/4A 7Ta
quﬁ (S) - 18§ X )
65 °(3) = 0,

pltl(s) — 3302 (V3 — 2M)(45 — IM?)

*V. Cheung and R. Vogt, Phys. Rev. D 96, 054014 (2017).
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65°(3) = 0,
2

Ady=tl/n . TC
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*V. Cheung and R. Vogt, Phys. Rev. D 96, 054014 (2017).
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Feed Down Production®

After obtaining their hadron level cross section by convoluting with PDFs, for each
directly produced quarkonium state Q, we compute R(J?Z. We then compute their
contribution to the final state Rjﬁo or R#Z(Tg) assuming two pions are emitted from an S
state feed down and a photon is emitted from a P state feed down by:

RJJ;po = Z chjf Rbez 7":"erzug) = Z CTSWJrz R# )
P, Jz T,Jz
Q Mg (GeV) cq  SF=° sF!

J/ 3.10 0.62 1 0
»(25) 3.69 0.08 1 0
xe1(1P) 3.51 0.16 0 1/2
xe2(1P) 3.56 014 2/3 1/2
T(15) 9.46 0.52 1 0
T(25) 10.0 0.1 1 0
T(39) 10.4 0.02 1 0
x51(1P) 9.89 0.13 0 1/2
xb2(1P) 9.91 013  2/3 1/2
x51(2P) 10.3 0.05 0 1/2
xb2(2P) 10.3 0.05 2/3 1/2

5S. Digal, P. Petreczky, and H. Satz, Phys. Rev. D 64, 094015 (2001).
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®P. Faccioli, C. Lourenco, J. Seixas, and H. K. Wohri, Eur. Phys. J. C 69, 657
(2010).
"P. Faccioli, C. Lourenco, M. Aradjo, V. Kniinz, I. Kratschmer and J. Seixas, Phys.
Lett. B 773, 476 (2017).
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Energy Dependence of Polarization Parameter*

1 1
22 F CEM LO p+p e CEM LO p+p
08— 1.2GeV <m, <15 GeV 0.8 4.5 GeV <m, <5.0 GeV
E . k prompt ¥ (15)
06 prompt J/y (1S) 05% 7 v as)
0af- 7] mas) 04F-Y X aP)
02, X (1P) 02 I:I Y (25)
o X% (2P)
o ° ¥ 69

T

n ol n L n P P n - n
10 10? 10 ‘/g (GeV) 10? 10 ‘/g (GeV)

CTEQ6L1 is used for proton PDFs
Energy Dependence

@ direct production: )\1198 < )\1298 < )\gs

(1s) . )\é/w
@ prompt J/¢ and T(1S) become longitudinally polarized at high /s

*V. Cheung and R. Vogt, Phys. Rev. D 96, 054014 (2017).
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Rapidity Dependence of Polarization Parameter®

2. F 7
Se F 3 E
~< 0.8 ><m0.8 E
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Rapidity Dependence

@ )\y is most negative (longitudinal) at y = 0 and increases as |y|
increases

@ production becomes transversely polarized at kinematics limits

*V. Cheung and R. Vogt, Phys. Rev. D 96, 054014 (2017).
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Comparing xg Dependence with Fixed-Target Data®”°

> A o .
Sa F prompt J/p CEM LO TeW V5 = 22 GeV g E
~< o8 1.2GeV<m,<15GeV > 208
0.6 0.6~
= Iy CIP = v C
= = prompt J/y CIP T#W Vs = 22 Ge' 0af
0.2 % 02
o i
0.2 028 —_ ——"" rompt Y(1S) p+Cu |5, = 38.8 GeV
—0.4F 04l E=3) cEMLO 45 Gev < m, < 5.0 GeV CTEQ6LL
—o6E o6l [E=] cEMLO 4.5 Gev <m, <5.0 GeV GRV98 LO
E E ] cEMLO Q2 < p<2Q CTEQ6LL
_08? ‘0'8§ ®  FNAL E866
Y = N I AU AN RPN RPN R U I 0 = D I EE U PN I B B B
1 08 -06 -04 -02 0 02 04 06 08 1 01 02 03 04 05 06 07 08 09 1
Xe X

Xg (x1 — x2) Dependence (GRS99 for 7 PDFs and EPS09 for W PDFs)

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

8T. H. Chang et al. (NuSea Collaboration), Phys. Rev. Lett. 91, 211801 (2003).
°C. N. Brown et al. (NuSea Collaboration), Phys. Rev. Lett. 86, 2529 (2001).
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Predictions for p+Pb at Fixed-Target Energy at the LHC*

s 1= @& C
So F 2 =
< 08 prompt Iy CEM LO p+Pb \[S = 72 GeV. > 208 prompt Y(1S) CEM LO p+Pb |5 =72 GeV
E 12GeV<m, <15GeV F 4.5 GeV <m, <5.0 GeV CTEQ6LL
0.6~ ¢ 0.6
0.4 prompt J/yy CEM LO p+Pb s = 115 GeV 0.4 prompt Y(1S) CEM LO p+Pb \/s = 115 GeV
E 1.2GeV<m, <15 GeV E 45 GeV <m, <5.0 GeV CTEQ6LL
0.2 N 02—
E C -
of— o
—02F -0.2—
04 -04f—_
—062 -0.6F%
08 -0.8-
| S W N TN N P N N R N b e e e e e L
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09
Xg Xg

xg Dependence
@ at /syy = 72 and 115 GeV
@ prompt J/1: polarization already starts to saturate — no difference
@ prompt T(1S): more longitudinal for /syy = 115 GeV

*V. Cheung and R. Vogt, Phys. Rev. D 96, 054014 (2017).
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ICEM Polarization using kr-factorization Approach

Motivation
@ motivated by NRQCD calculations using k-factorization approach'®

@ obtain pr-dependence using partonic cross section at O(a?) in the
high-energy limit
@ allows us to compare with more extensive pr-dependent data

@ see if pr-averaged calculation is closer to data in xg dependence

ICEM Cross Section using kr-factorization Approach

o = FQ/4de5/dX1/dX2/dk1T /dkz /d¢1/d¢z

®1(x1, ki1, Q1) P2(x2, ko1, Q2)6(R + R — QQ)
X 5(§ — x1x05 + |k + k2T’2)

9B A. Kniehl, V. A. Saleev and D. V. Vasin, Phys. Rev. D 73, 074022 (2006).
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Setup of the Calculation

@ high energy — production is dominated by t-channel gluon exchange

@ transverse momenta (k1) of the incoming gluons and their off-shell
properties can no longer be neglected — Reggeized gluons (R)

o AR+R = QQ) = é'(ki)e” (k2) A, (g + & — QQ)

o (k1) = (0, 117,0), e(ka) = (0, 7257, 0)

ki = (x18, ki, x15), ka = (x25, kaT, —X05)

calculated using JH-2013! unintegrated PDFs, O(x kT, Q)
factorization scale set at Q2 = m2T

renormalization scale set at 2 = §

in Helcity (HX) Frame (to compare with data)

YF. Hautmann and H. Jung, Nucl. Phys. B 883, 1 (2014).
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p7 Distribution!?

A\ Fg is set to 1 here

A\ Production is unpolarized when o1 ongitudinal = OTransverse

—
< 10 S ptp- Y(1S)
8 p+p— Iy © 10 Vs =7 TeV (HX frame)
" VS =7 TeV (HX frame) o — - Longitudinal
2 \\ s= { o 10 ) ongitudinal
= Longitudinal =3 \\
S107 § . V}_ A — — Transverse
. — = Transverse [
%10 2 W\ i = 1 N —— Unpolarized
\ — Unpolarized B

pr distribution of direct J/1)

@ unpolarized production falls off as ~ p}5 to p}ﬁ

@ both J/v and T(1S) become unpolarized at pr ~ 15 GeV

12/ Cheung and R. Vogt, in preparation.
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p7 Dependence of Polarization Parameter!?

/A Ay is independent of Fg

o 1- o A
~< = < E
0.8E prp— Y 08
£ Vs=7Tev p+p— Y(1S)
0.6 0.6 Vs=7TeV
0.4 —— HX frame 0.4~
£ —— HX frame
0.2 0.2
oF o
-0.2F -0.2F
-0.4 04
-0.6F- -0.6F
-0.8F -0.8
S IR R N | | | _E I | | o | | |
b 10 20 30 40 50 60 70

L
P, (Gev)

pr dependence of direct J/¢ and T(1S) polarization
@ transverse at small pr and slightly longitudinal at large p1
e the range for T(1S) is larger than that for J/4

12y Cheung and R. Vogt, in preparation.
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Revisiting the Polarization Puzzle with ICEM

pp pr pp
Included in fits  e*e ep distribution polarization

25 F . BELLE data Ve - 106GeV 60 GeV < W < 240 GeV £ 0 .+ ATLAScam: \&-7Tev s
3 | —— C84CO, NLO: Butenschon et a. TEa 03<z<09 ] & w<075
Butenschon|z:s} o
. B e z ! 02
& Kniehl [; ' T
3 ES T E 0 i1
5 z F 1
fist N % 02 L
>3 GeV| i
® 04
E 8 B -
o = ©S+CO.NLO: Butenschdn etal §10 F —— 5.0, NLO: Butenschon et al 08 | —— 5.0, NLO: Butenschon ot a,
0 i o N 5018 20 25 a0 35 S 0 2%
(@ ©) o (GeV?] (o) prGeV] @ pr(GeV]
3 | —— €84CO, NLO: Gong et 03<z<09 | |8 ¥l <075
_ 5-319Gev =l © COFdata: 5=196Tev
gos | 3 wl<08 04
ongetal. : i —
5 2 .
S % 10 i
7 - 13
T>5GeV If P
RN 7 _
os | I  HI data: HERAZ 5 | * CDFdata: V5 =196 TeV, | <06
o = CS+C0.NLO: Gong e al [§ 10 | —— 5.0, NLO: Gong et al 08 F —— 5400, NLO: Gong et al.
° o 0 o? 5 10 15 20 25 30 35 1T TS T
(e ) of (GeV?) (@) Py GeV h PriGeV]
z t, <2scov’ 1 | € N 06
Chao et al. = g ' i o
. 8 g ) L 02
T o f 5.9 ® EPRl z
pr>7GeV ! :" =
Tisk % B [ e e |
° L %0 02
H NI I
b g ] 1.4 0t
os | | 10 i data: HERA2 1 E COF data: 6 = 1.96 TeV, Iyl < 06
o — Cs+CONLO: Chavetal 510 F —— CS4CO, NLO:Chaoetal 08 £ —— 08400, NLO;Chao et a.
° o o 0! 5 10 15 20 25 30 35 R R
[ [ o 1GeV?] ) Py 1GeVl 10} prIGeV]

Vincent Cheung (UC Davis) Heavy Flavor Workshop 2017 Oct 31, 2017 29 /31



pr-dependence with pp data'?1!3

E i
= 102§ p+p— I, V5 =1.96 TeV 0.8 pp— I, VS = 1.96 Tev
8 5 V1<0.6 (HX frame) = y1<0.6 (HX frame)
2 o CEM12GeV <m, <15 GeV 65
g 10 : Frz000% o4b l:] CEM 1.2 GeV <m, < 15GeV
"g_‘_ 1? = CDFdata 0.2F CDF data
B -1 2 E
1 w07 s 0 e
3 102F 028
(3] E —0.4E
X107 0'45
S -0.6F
EE 08
-5 [, | _qE L1 | | | .
10775 5 10 25 30

pr-dependence of direct J/v polarization at /s = 1.96 TeV

® |y|<0.6
@ band is contructed by varying 1.2 GeV< m. < 1.5 GeV

12y/_ Cheung and R. Vogt, in preparation.
13A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett. 99, 132001 (2007).
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Conclusion and Future

@ reviewed recent attempts to solve the polarization puzzle
@ presented the energy, rapidity, and pr dependence of the polarization
of heavy quarkonium production in p+ p and h+ A collisions in ICEM

Polarization at Leading Order
@ longitudinal at most energies and around central rapidity

@ transverse at the kinematic limits

Polarization in kr-factorization Approach

@ transverse at small pr, and preferrably unpolarized or slightly
longitudinal at large p1

@ promising approach to have agreement in both yield and polarization

Future in the ICEM
@ work on the feed down production treatment
@ start full NLO polarization calculation in the CEM

Vincent Cheung (UC Davis) Heavy Flavor Workshop 2017 Oct 31, 2017 31/31
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Polarization and Experimental Acceptance

Polarisation hypothesis FLA1;

05 1 15 2 25
(Absolute) JAy rapidity

from

Polarisation hypothesis T+o

05 1 15 2 25
(Absolute) JAy rapidity

Polarisation hypothesis LON?
< r

<14

14

“The ATLAS Collaboration, Nucl. Phys. B 850, 387 (2011).
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Defining Polarization®

production plane y

b,

// collision
Q/ centre
/ of mass
/ frame

quarkonium
rest
frame

Polarization in the Helicity Basis

@ zyx is the flight direction of the quarkonium itself in the
center-of-mass of the colliding beams

o If the helicities are the same, then J, = 0 (longitudinal)

o If the helicities are the opposite, then J, = £1 (transverse)

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