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The “quarkonium polarization puzzle®

In the early 90’s, CDF measured J/U and U(2S) p; -differential cross sections
50 times larger than expected in the color singlet model
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Bodwin, Braaten and Lepage developed the NRQCD approach, which adds a series of
color octet terms, with free normalizations (LDMEs); the do/dp; could be described
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The “quarkonium polarization puzzle®

In the early 90’s, CDF measured J/U and U(2S) p; -differential cross sections
50 times larger than expected in the color singlet model

Bodwin, Braaten and Lepage developed the NRQCD approach, which adds a series of
color octet terms, with free normalizations (LDMEs); the do/dp; could be described

The fitted LDMEs implied transverse polarization at high p;, not seen in the data
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The “quarkonium polarization puzzle®

In the early 90’s, CDF measured J/U and U(2S) p; -differential cross sections
50 times larger than expected in the color singlet model

Bodwin, Braaten and Lepage developed the NRQCD approach, which adds a series of
color octet terms, with free normalizations (LDMEs); the do/dp; could be described

The fitted LDMEs implied transverse polarization at high p;, not seen in the data

But the Tevatron results mutually excluded each other...
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Polarization measurements at the LHC

Strong charmonium and bottomonium polarizations definitely excluded,
up to the highest probed p; values
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— Also CDF used the improved methods to report a new measurement
of Y(nS) polarizations, consistent with the LHC results

— the polarization puzzle became even more puzzling
with the new (and more precise) experimental data
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The even more puzzling polarization puzzle

pp \s =7 TeV
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Towards the solution of the polarization puzzle

To solve the quarkonium polarization puzzle we must start by understanding that

1) the prediction of “strong transverse polarization” is not a “first principles” result of

NRQCD but rather the outcome of fits of experimental measurements of quarkonium
production cross sections

2) those fits were not correctly made and, hence, gave rise to biased results



Quarkonium production in the NRQCD approach

In NRQCD several production mechanisms are foreseen for each quarkonium state

What is produced in the hard scattering (and determines kinematics and polarization)
is a QQ state with specific quantum properties

1) short-distance partonic process
produces neutral or coloured QQ
of any 25*1L; quantum numbers

: 1) short-distance coefficients (SDCs): :
. p;-dependent partonic cross sections :

10
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Quarkonium production in the NRQCD approach

In NRQCD several production mechanisms are foreseen for each quarkonium state

What is produced in the hard scattering (and determines kinematics and polarization)
is a QQ state with specific quantum properties

1) short-distance partonic process 2) The quantum numbers change in
produces neutral or coloured QQ the long-distance evolution to the
of any 2S*1L, quantum numbers observed (neutral) bound state
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: 1) short-distance coefficients (SDCs): . | 2) long-distance matrix elements (LDMEs):
. p;-dependent partonic cross sections ' | constant, fitted from data
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Quarkonium production in the NRQCD approach

In NRQCD several production mechanisms are foreseen for each quarkonium state

What is produced in the hard scattering (and determines kinematics and polarization)
is a QQ state with specific quantum properties

1) short-distance partonic process 2) The quantum numbers change in
produces neutral or coloured QQ the long-distance evolution to the
of any 2S*1L, quantum numbers observed (neutral) bound state
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' 1) short-distance coefficients (SDCs): . | 2) long-distance matrix elements (LDMEs):
L p;-dependent partonic cross sections ' | constant, fitted from data
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NRQCD hierarchies :

Approximations (heavy-quark limit) and calculations
induce hierarchies and links between pre-resonance contributions

1) Small quark velocities v? in the bound state — “v-scaling” rules for LDMEs (/)

2) Perturbative calculations — some SDCs are negligible (\)

o A

3g, 3 3 I/, $(25)
7, \/ S/ § }) - U4 Y(1S), Y(2S), Y(3S)
/ / [3P1] X1 Xpa
WD

/ / P2 75, [3P2] Xc2 + Xb2
s S A

\\ Sy 'S, [150] N, Ny
B 7

3) Heavy-quark spin symmetry — relations between LDMEs of different states

51 Xa _ °S1 7 X2 _ 5 S, —>n, = 1S, > /P atc
*S1 = Xa *S1 = Xp 3 BN, = 5,5 .
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Dominant short-distance cross section contributions

5 § NRQCD @ NLO 15, 35, Pgu, T )P, B(2S)
[ Y(1S), Y(2S), Y(3S
2ol (15), Y(25), Y(35)
’ E 3P1 351 |:> Xcl ’ Xbl
10% p, 35, [ X Xb2
- .
108 0112 | pegative P-wave contributions,
§ - 3P, with large unphysical polarizations,
) - 3p, require proper cancellations
1? to recover physical result
:I | lul ‘ 1 | | ‘ 1 | | ‘ [ ‘ [ | [ | [ | [ | L1l
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pT/I\/I

—_

In NRQCD, one expects a mixture of different pre-resonance contributions,

with rather diversified kinematics and characteristic polarizations

— by fitting the measured p; distributions, one determines the LDMEs of each term
and consequently predict the polarizations

. | Curves from H.-S. Shao et al.,
... a very delicate procedure ! PRL 108, 242004, 112, 182003,

Comput. Phys. Comm. 198, 238



A pedagogical look at past fits

15

An example of a fit that leads to the prediction of transverse polarization at high p-
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A pedagogical look at past fits

An example of a fit that leads to the prediction of transverse polarization at high p-
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And yet, the fit was considered as very good :

10 B the inconsistency was hidden by the a posteriori
o \ . / theory uncertainty band (from scale variations)

B(J/wy—uu) [nb/GeV]
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An example of a fit that leads to the prediction of transverse polarization at high p-
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A pedagogical look at past fits

An example of a fit that leads to the prediction of transverse polarization at high p-
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g 0 e, for the polarization ?

= : o : The fit result is that, at high p;,

% %’] the transversely polarized 3S, and "7, octet terms dominate,
S 1 and the unpolarized 1S, term is only a “correction”
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A detour through the polarization dimension

Quarkonium polarization is characterized by A, :
> measured as the polar anisotropy of the decay dilepton angular distribution
> calculated from the transverse and longitudinal cross sections: (o1 — ¢,) / (o1 + G)

Each colour singlet and octet term has a specific polarization associated :

150
351

—> Ay=0 at LO, NLO, etc; isotropic wave function

— Ag=+1 at LO, NLO, etc, at high p;, where the fragmenting gluon is “real”
—> Ag>>+1  forp;>9 GeVat NLO

—> Ayg<—=1 for6<p;<9GeVatNLO;anditisO at LO...

%

3S, Ay ®—0.9 at NLO and high p;; itis = +1 at LO (has a small impact)
Dominance of the 3S, and octets . NLONRQCD p
— Ay = +1 for high-p; S-wave quarkonia S _33381
A L ‘

S
l |

LI — 15®
— NRQCD “predicts” 5[ Wi<06 — g
transverse polarization at high p; - l”Xf'a"‘T | | | | | |

4 6 8 10 12 14 16 18 20
p, [GeV]

Note: the "7, octet has negative cross sections... and A, in the twilight zone



The solution of the quarkonium polarization puzzle

Let’s look at the high-p; behaviours, by normalizing the curves to the data for p; /M >3

10 2 .

10

B(J/w—uu) [nb/GeV]

— —
o o

—
o

do/dp(pp—J/y+X) x
w

o
-m L] LB L]

CDF data

In fact, it turns out that, for p; > 9 GeV,
the unpolarized 'S, octet is the term that
has the shape most similar to the data

%

" ] é

L 4 3 L L AT B L1
4 6 8 10 12 14
P [GeV]

16 18 20
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The solution of the quarkonium polarization puzzle

The cross sections and polarizations can be
simultaneously and consistently described

For p; /M > 3 the fit results are stable :
the polarization and cross section data

imply 1558] octet dominance

The fit quality improves dramatically
8 if we do not try to fit the low p; /M
cross sections with the existing SDCs

x2/ndf

PY(2S)

P. Facciolj etal.
PLE 736 (2014) 95
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The low-p; SDC problem

The SDCs used in most theory-driven analyses of the data are not valid in the low p; region.
Fitting data with a wrong fit model necessarily leads to wrong fit results, such as
“the quarkonium polarization puzzle”.

K N [ g T T~ 1 1T T L BT —r r T 1 1T

~ ;{}%\ o ——- Direct :
> Y(18)
Q 10—1 - Q’? ‘ --- Feeddown i H. Han ot
= g ~ : — Total ; D94 (2016) 0140
-’ | \\ -
m 1072 3 ‘§\ 3
o~ : Ny,
X I N
1 107 N 3
A ™~
é 104 \i\\"q . =
& = ATLAS S
~ 7 TeV TSRz
2 10-5_ RSN ~< =
% 107E |y|<1.2 ~3 T~
=

10 20 30 40 50 60 10 20 30 40 50 60 70

pT (GeV)
Conclusion:

the transverse polarization expectation is not a “first principles NRQCD prediction” but rather
the result of fits biased by the inclusion of too-low p; data
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A model-independent global charmonium fit (1)

We did a simultaneous global fit to mid-rapidity differential cross sections and polarizations
of the charmonium states {(2S), J/¥ and x, ,

Accounting for the momentum and polarization transfer from the mother to the daughter
particles in the relevant feed-down decays:

$(2S) — X2 Y
P(2S) — J/P X

P. Facciof etal
Xep = /by

Momentum propagation: p;/m = P, /M
M (m) and P; (p-) are, respectively, the mass and laboratory transverse momentum
of the mother (daughter) particle

Polarization propagation: calculated in the electric dipole approximation
Precisely accounts for the observable dilepton distribution, without higher-order terms

Perturbative calculations of the production kinematics are not used as ingredients
anywhere in the analysis; the fit is exclusively based on empirical parametrizations



A model-independent global charmonium fit (2)

24

/The J/Y and Y(2S) directly produced cross sections are fitted as a superposition of
unpolarized (Ay = 0) and transversely polarized (Ay = +1) processes:

Odir X [(1 - fp) Jutfp gp]

fp: fractional contribution of the polarized process

(b /M) (1 + B

fp, 9u and g, are identical for the two S-wave states
The unpolarized and polarized cross sections share y but have distinct 8, and g8,
\The gu and g, shapes and relative contributions are constrained by the polarization data

Ju Gp: shape functions that describe the p; /M dependence : E
’ - Facciolj et o
_ EPJC78(20 )
2 B 18) 268
1 (p/M) )

-
The x., and x,, cross sections (and their feed-down contributions to the J/{) are

parametrized independently from the (direct) { terms, without separating polarized and
unpolarized contributions (this study was made before any x. polarization measurements)

o

O\

J

There are, hence, four contributions to direct quarkonium production:
the unpolarized and polarized  terms plus the y., and x_, cross sections,
altogether characterized by one y and four  parameters: B, B,, B (x;) and B(x,)




Correlated observables

A crucial source of correlation between all the points being fitted is the dependence of
the detection acceptances on the polarization

For each set of parameter values considered while running the fit, the expected values of
the polarizations and cross sections are calculated, for all states, as functions of p;;

the values obtained in this way for Ay can be immediately compared to the measured ones.

For the cross section, we first scale the measured cross sections by acceptance-correction
factors calculated for the Ay value under consideration;

these corrections are computed using the tables published by the experiments for the
cross sections of particles produced with fully transverse or fully longitudinal polarization.

25
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Assumed polarizations affect measured cross sections

The ¥, to ., cross section ratio measured by several experiments provides a good
example of the crucial importance of the polarization scenario assumed in the evaluation
of the acceptance corrections.

Very different patterns and levels of agreement among data sets are seen for acceptance
corrections reflecting two polarization hypotheses: spin alignments J,(y.1) = 1, J,(xco) = £2
and J,(xc1) = J,(xc2) = 0. The “default” unpolarized hypothesis leads to intermediate values.

E_ He Jz(Xc1)=i1 JZ(XC2)=12 2]
- WO ATLAS ]
~ osE @0 CMS 5 129 + }
< F 14 : \ { ! i
~ L &) ] %] l
r 5 ]
~ 0.6F { 06y (%) = £1
A C ]
250 - + 1.4E ,(%,) = £2
= 1.2
5 0.4 ] + ; P’.;'CFUCCI'O//' etal
SR N I v
E T ITI 087: %] %l Jz(Xc1)=Jz(Xc2)=0
0.2F 0.6 7}
f o I R
r 0{202 L °
- 0O Jz(Xc1) =0 JZ(XCZ) =0 R { = 2¥EAS
C 0.2
O_||||||||||||||||||||||||||||||||||||||| EDt:g::E:r:II;rsions pp, 7 TeV
2 4 6 8 o

0 5 10 15 20 25
p/M p_(Jy) [GeV]



Correlated uncertainties : nuisance parameters

Also considered in the fit are nuisance parameters from two sources:
1) the ATLAS and CMS integrated-luminosity uncertainties

2) the uncertainties of the branching ratios (B) used by the experiments
to derive the cross sections (o) from the measured values (B x o)

27
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Fit results

S
[0
Q
o]
The fit has 100 constraints (data points) =
Q.
E

and 20 parameters:
5 shape parameters,
4 normalizations,
the fraction f, 102
and 10 nuisance parameters

The x., and x,, p; /M distributions are very similar
to the unpolarized term dominating { production 10

¥3/ndf = 28/80 Jhp direct unpolarized term
. - - Jhp direct polarized term
— bestfit  __ jpy feed-down term

}(2S) direct unpol. term
------- }(2S) direct polarized term
e JAp CMS

e (2S) CMS

o P(2S) ATLAS

o % ATLAS x 0.01
o % ATLAS x 0.01
c2

e Jhp CMS
o (2S) CMS

— best fit

f, =3.42+£0.05
B(x;) =3.46 £0.08 £
B(x,) = 3.49 +0.10 08
This very clear observation reflects the fact that o4
the full chain of feed-down decays is taken into ol
account, so that the high precision Y data points o
contribute to the . results 0

The polarized term has a weak contribution and
the charmonium states are nearly unpolarized
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pT/M
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Data fit vs. NRQCD: a surprising agreement

A comparison of the shape functions from the global fit (data bands) with their NRQCD
counterparts, over 8 orders of magnitude (!), shows a surprising result:
within uncertainties, NRQCD reproduces well the similarity of the p; /M distributions

P. Facciofj e
The data bands and the NLO SDCs were obtained in completely independent ways
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The width of the data bands only reflects shape uncertainties
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A comparison of the shape functions from the global fit (data bands) with their NRQCD

counterparts, over 8 orders of magnitude (!), shows a surprising result:
within uncertainties, NRQCD reproduces well the similarity of the p; /M distributions
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Data fit vs. NRQCD: a surprising agreement

A comparison of the shape functions from the global fit (data bands) with their NRQCD
counterparts, over 8 orders of magnitude (!), shows a surprising result:
within uncertainties, NRQCD reproduces well the similarity of the p; /M distributions

P. ioli e
The data bands and the NLO SDCs were obtained in completely independent ways
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The width of the data bands only reflects shape uncertainties
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A strong NRQCD prediction

Within NRQCD, the unmeasured x_, and x_, polarizations are predicted to P. Facciolj et g
‘ £PIC 78 (2018) 265
be very different from one another

Faf | Within the NRQCD framework,
=2 b :
o Val ted with .
b %} Ol % %i ! | N X1, Production has two terms:
k1] | ’ % % ! R/ndt=123/10 the 3S, octet and the °P , singlet.
08 |- ' One single parameter r determines
i | he x,, / X, yield rati
[ r *l | : Values corrected with 1) t eXCZ XCl yie ratio
06 { 7 ' + + | * l | theimed polarizations 2) Aﬁ (Xcl)
F | »2/ndf=3.9/10 3) A
o CMS eory fitto the data
i Ll 1' '1 llll' Lll '} lll "llll ll ] 111111: 'Ll[l il
a . — .2 3 ¢l8] 3pli]
& F LEK transverse r = mg <0XCO( Si )>/ <0)(co( P; )
o5 — Mooy = JAY)
0
_ Cross section ratio x_, / x.; :
05 | ATLAS and CMS data agree better
L de Vg =l) with each other and with theory fit
il if their polarizations are very different
(acceptance correction depends on A;)
.15 llll.".LllllllAA-LlllIll.‘..Al(llIl.’.;LAlIllA.‘.‘.llllllll
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Comparison between two predictions

In NRQCD, one single parameter determines both r = m? <0Xco (3558])>/ <0Xco 3 P([)l])>

the x., / x., ratio and the two polarizations

7l B Faccioli et al. derive r = 0.217 * 0.003

;:c”:_ %} ¥ T ! | AT from CMS + ATLAS data (averaged)

R H % f % ) 2= 12310 with acceptance corrections corresponding
06 - % to the final polarization prediction

08

(iterative procedure)
Values corrected with

s { L H { ,* l | the fitted polarizations and, thus, no added “polarization uncertainty
"t ' ¥2/ndf=3.9/10

”

041 oe ATLAS

o CMS Theory fit to the data
i1 ll '1 l l 11 l I ] ll lllllll [l 1
‘<-‘§
o5 — Mooy = JAY) )
[ A strongly constrained and
.t == unambiguous prediction,
not requiring any “fine-tuning”...
-0.5:
Ay o~ JAY) P. Facciolj et o
: “PIC 78 (2018) 265
1k
.15 ll,ll.!.illlllll;.kllllll.‘..Lllll,ll.’.LAAlIlll.‘.LlllllllA

2 3 4 5 6 7 8 9 10 11 12
p_/M



Comparison between two predictions

In NRQCD, one single parameter determines both . ) Yeo (3 <l8] Yoo (3 pl1]
Ghe)(cz/)(cl ratio and the two polarizations r = mg (0% (°S77) Oxc0 (PP )

Shao et al. derive r = 0.27 * 0.06 from CDF or CMS | 1.0—m—m™Mm8 _ h
data with the following procedure: X1 lyl<2.4 _
CDF: 0.5 gz -~ ]
= central values usingA3=0.13 £ 0.15 fory,andy, | = f——— ——Sesseeses :

= no correlated variations considered ~ 0.0

= uncertainty added in quadrature with all others o5l NLO NRQCD

CM>: =050 LonrQeD

= central values usingAy=0fory,andyx., | | -C LO CSM

= polarization uncertainty from maximum range -1.0—
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Comparison between two predictions

Cn NRQCD, one single parameter determines both

the x., / x., ratio and the two polarizations

= i fprecstt)forecrt®)

0('/_(3) lo(y_c‘)

s Shao etal.

Faccioli et al.

* ATLAS
= CMS

S IPIPI S AETATATE PEP AT AT AT A

05 =

Faccioli
/

TEITreren -—;—-;TJ} _‘J
Shao

- )'\“.'(Xm - JAy)
Ay, =~ JAp)

AJ,.ALAIIl.lJ.',;LLLl.l,l.,l.AAALLlllll,LA

7 8 9 10 11 12
pT/M

Same theory inputs but
different analyses of the experimental data
lead to very different determinations of r

Shao et al., PRL 112 (2014) 182003
r = 0.27 * 0.06

Faccioli et al., EPJC 78 (2018) 268
r = 0.217 * 0.003

This shows how crucial it is to rigorously treat
the correlations between the cross sections
and the polarizations and to properly account
for the uncertainties

The cross sections depend on the polarization
but that is not an experimental uncertainty



First measurement of x_, and y_, polarizations

The CMS experiment measured the ratio between the cos U distributions of the dimuons
associated with the y, and y., radiative decays: x, , = J/{ 7, with the y detected via
conversions to e*e™ pairs.

This provides a constraint on the difference

W

between the polarizations of the two states. 065 moo T
- : CMS Jhp P. (GeV)
L B L B LB BB L B %ﬁﬂ @ 12-18  ;
- M - - -
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Comparison to CMS results

Since CMS only measured the difference between the y_, and y_, polarizations,
the data-prediction comparison requires fixing Ay(x.;) and only looking at A4(x,,)-

* ot
0.8:'
! ) | l | Faccioli et al.
06 } ks + { b= I } |
[ 3 8 H * ATLAS o -
sk ‘ W The data is in good agreement with the
o o | (quite extreme) predicted polarizations.
< 8 _ N
05 [ e ~ "“?"|" However, the uncertainties are quite large...
S * J
b= | Can we obtain a more precise derivation of
r _‘—_. . .
[T - the x, and x_, polarizations ? Yes, we can.
05 | | !
[ ‘ S - Ay (X, ~ JHY)
b Ay~ JAp)
! o CMS
,1.5:[1lIA;..AIIIll‘...IIIlll.-.ktlllll...lllllll...lllllle

3 4 5 6 7 8 9 10 11 12
pT/M
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Indirect experimental constraints i
ATLAS and CMS measurements of the J/, ¥(2S), x., and x., cross sections, 0(2020) 63

together with J/ and (2S) polarizations, constrain the sum of x_, and x_, polarizations.

Direct and indirect constraints were combined in a fit using the parametrization
described previously, with no theory ingredients. Only assumption:

- the directly produced J/{ and (2S) states have identical polarizations, vs. p;/M

=~ 1oL >k CMS s ]
> 10 = S osp : Best fit 08— ]
8 - B £ - .
B —~ L F E o= - _
o) ’ B 3 F 1< u
C = =k E — .
— = 5 04F 3 L ]
_ C o _%*%——_‘ 04— ]
Q B 2 E - .
E 10—‘§— E _ I —]
_8 = B S S T -

N X p,/M 0 e B U S N ]
102 - :
- —Bestfit - 7
i B Jp CMS N
0oL o oaF o JApCMS
S ¥(2S) B — J/p best fit 7
F . — o P(2S)CMS  —
ot e P — (2S) best fit ]
E c2 O —
i | L | Cooc e e e e b Py

5 5 10 20 ) 10 15 20 25

p./M pT/I\/I
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The x_, and y_, states are strongly polarized !

III

P. Facciolj e al.
EPIC80 (2020) 63

The combination of these two “orthogonal” experimental constraints
determines the two individual x_, and x_, polarizations.

. . . S o g
This is a purely experimental result: no theory involved. S | ]
2 p ey ) ]
N L L L L A R A 4—2 ‘{‘\ :ﬁ%
><‘:<a: - [ x_ polarization data ] 11;- 107 RSN -
06_....|....|....|....|....|....|....|...._ 11— [] Indirect measurements ] 102 ‘
or J/ GeV) - 7
- CMS R B All data .
050 # e 8-12 B g 10°L
E o 12-18 — ] oo P(2S)
0.4F * 18-30 - 1 ek
o3k of / ; =
Shad? : - ] 2 5 10 20 oM
T o5 1 [ A(xy)=0.55+0.23 i i !
g ab e 3 LAy x,)=-0.39+0.22 7 - E
0.4F ! —%% o We2 08
. # B i g - B
0.3 - -] - \ . c
'F:_ -1+ N ;
:_ _I L1 1 | [ L1 11 I I I | | L1 1 1 ] ?
- -1 0] 1 y -
. F o Jhp CMS
7\'1‘}1 _04; — Jp bestfit
- o Y(2S)CMS
. F — (2S) best fit
The J/Y mesons from y_, and x., decays are, respectively, o8 | | | | N
transversely and longitudinally polarized Ve
]

— they tend to cancel each other in their contribution to the J/{ polarization



The x_, and x_, polarizations vs. p;

40

The global fit of all charmonium data also provides results as a function of p;,
for the individual x., and x., polarizations

P. Facciolj etal,

N

S

NRQCD prediction

- X

Globalft resul Narrow bands: NRQCD prediction obtained from
" X the cross section ratios using the equation

S r = m? <0X60(3S£8])>/<0X00(3P([)1])>

Wide bands: result of the global fit of all
charmonium cross sections and polarizations,
without any theory input

E 8 - The NRQCD predictions agree perfectly with the

I two measurements

An out-of-the-box success of NRQCD !
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The (direct) J/ polarizations vs. p;

The global fit of all charmonium data also provides results as a function of p;,
for the directly produced J/{ and (2S) polarizations

] P. Facciplj e
tal
== Direct Jip (same as (2S)) -

A very strong evidence of
unpolarized J/P and (2S)
production !

0 L

Y S—

AS"(J/b) = 0.04 + 0.06

This measurement of zero and constant polarization of vector quarkonia is a big challenge
to production models

It is very unlikely that we are seeing a fine-tuned cancellation of a mixture of subprocesses

— a clear sign of the unique nature and production mechanism of heavy quarkonia
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The x_, and y_, feed-down fractions

Another interesting result of the global-fit analysis is the determination of the fractions
of J/b mesons that are produced from the feed-down decays of the x_, and x., mesons

£ lacciol et g
JC 80 (2 )
I | I | I ] I | | 1 I I | | ( 020) 623

L 1B fit (p,/M averaged)
] 4p fit (at p_/M = 5)
[ ] 6p fit (at p./M=5)

[
I
=
I
X
+
X
o
|

R(x.,)=18.8+1.4%

o
|
|

R(x.,) = 6.5 + 0.5 %

X— J/y feed down (%)
X, = JIp feed down (%)
N
\J

s Lo by b g by oyl T AR AT VIR R MR R

2‘I ‘IH4HHI‘ 6 8 0 10 20
pT/M W JAp feed down (%)

The fraction of the prompt J/{ yield due to directly-produced mesons is 67.2 + 1.9 %,
a remarkably precise value



Summary

We have seen that the methodology of global-fit analyses has a profound impact on the
obtained results. The handling of correlations and uncertainties is not a trivial task and
doing it incorrectly can deeply bias the predictions of the fit.

* Handling theoretical uncertainties inside a global fit is a delicate task, as testified by the
famous polarization puzzle, which was due to the neglected inability of NLO SDC
calculations to reproduce the lowest- p; data.

 We addressed this problem with a new method of theory-data comparison, where the
data fit is made without any theory ingredient and the comparison is then made
between an unbiased data-only term and the corresponding theory term. The results
show a surprisingly good agreement between NLO NRQCD and the mid-rapidity data.

* Correlated uncertainties are usually neglected in global fit analyses of NRQCD, but they
are crucial, as demonstrated by the example of the . polarization.

* |Improved predictions using a correct treatment of the acceptance-polarization
correlation in 7y yield measurements show a very good agreement with the new CMS
measurement of the ¥, polarizations.



Take-home messages

» We must avoid repeating the kind of mistakes that created the polarization puzzle,
such as neglecting that the computed SDCs have limitations

» Analysis techniques have evolved and much better measurements were made

» At the same time, it is crucial to properly account for correlated uncertainties, as
clearly shown by the example of the y . polarization prediction

» The y polarization is a brand new piece of information

» Combining brand new CMS data on . polarizations with previous measurements it
is now possible to determine the ., and ., polarizations

» The measured y., and ., polarizations agree very well with NRQCD predictions
» Also the direct J/ polarization can now be determined
» Itis remarkable (and unexpected) to see how close to zero and independent of p; it is

» This is a new “polarization puzzle”, but this time at a much deeper conceptual level



