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Quarkonium polarization

e Polarization is measured through the angular Carkomium 4
decay distribution qrest frame
.................................................................................... u*
AN oduct 9
2 . production
x 1+ Ay cos” v 5
d cos Vdy P T _
. 9 |
+ A, sin” ¥ cos 2¢p ; A y
+ Ay, sin 29 cos ¢

e Study of angular momentum requires
quantization axis z

e Possible frames are

- Center-of-mass helicity HX: zux = direction of
quarkonium momentum

- Collins-Soper CS: zcs = direction of relative
velocity of colliding particles / quarkonium

/ rest
- Perpendicular helicity PX: zpx L Zcs / frame
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Polarization parameters

Longitudinal polarization Unpolarized

Transverse polarization
Ao = -1

e Observed Ag, Ay and Ay polarization parameters depend on the frame

e If only Ay parameter is measured, two very different physical cases are
indistinguishable

---------------------

Ay = +1
)\90 — _1 _____________________
------------------------------------------ Ay = +1
25 g = —1 ), =
CS L HX for Ao =0 |

high pr / mid-y |

---------------------

6 June 2016 Ilse Kratschmer (HPEHY Vienna)



Frame-independent parameter

e The shape of angular distribution is frame-invariant and can be
characterized as

EPJC 69 (2010) 657
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Experimental status before the LHC

e Experimental results are inconsistent and incomplete:
only As was measured in one reference frame

0.4

Y(1S)

0.2

0.0

A

‘III III£|| |H|I
“?i
-
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_E._
14

8 '0.2 I
@
04| | ] |
| ———eo— |
-0.6 — l |
= —-— DORunll, |y]|<1.8
g % . 0.8 —  HX frame —A— CDF Run ll, |y|<0.6
',}J"‘ [ | 1 | | ] ] | I | I |
0 10 20
PRL 101 (2008) 182004 Pr [GeV]

CDF public note 9966, 2009
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Current experimental status

e All measurements cluster around O

e Results from different experiments are consistent

HX frame

1 Y(@s)

—@®— Y(1S) CMS, Iyl < 0.6
-0.5 —6— Y(1S)CMS, 0.6 <lyl <1.2
—®— Y(1S) CDF, lyl <0.6
—®— Y(2S)CMS, Iyl <0.6
_ —6— Y(2S) CMS, 0.6 <lyl <1.2
-1 —m— Y(2S) CDF, Iyl < 0.6

] —— Y(3S) CMS, lyl <0.6 PRL 110 (2013) 081802

. — 65— Y(3S)CMS, 0.6 <lyl <1.2

- —®— Y(3S) CDF, lyl <0.6 PRL 108 (2012) 151802
I B ) I B B B

0 10 20 30 40 50
p. [GeV]
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Current experimental status

e All measurements cluster around O

e Results from different experiments are consistent

HX frame

1 Y(1S) +Y(2S)

—@— Y(1S)CMS, lyl <0.6
—6— Y(1S)CMS, 0.6<lyl<1.2
—#— Y(1S) CDF, lyl < 0.6
—@®— Y(2S) CMS, lyl <0.6
—6— Y(2S) CMS, 0.6 <lyl <1.2
—l— Y(2S) CDF, lyl < 0.6
—@— Y(3S) CMS, lyl <0.6
—6— Y(3S)CMS, 0.6 <lyl <1.2

—®— Y(3S) CDF, lyl <0.6

0 10

' ]
20 30 40 50
p. [GeV]

PRL 110 (2013) 081802
PRL 108 (2012) 151802
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Current experimental status

e All measurements cluster around O

e Results from different experiments are consistent

HX frame

1 Y(1S) + Y(2S) + Y(3S)

n
W e
"
—e— Y(1S)CMS, lyl <0.6
—6— Y(1S)CMS, 0.6<lyl<1.2
i —m— Y(1S) CDF, lyl < 0.6
il —e— Y(2S) CMS, lyl <0.6
_ —6— Y(2S) CMS, 0.6 <lyl <1.2
-1 —®— Y(2S) CDF, lyl <0.6
- —e— Y(3S) CMS, lyl <0.6
- —5— Y(3S) CMS, 0.6 <lyl <1.2 PRL 110 (2013) 081802
- —®— Y(3S) CDF, lyl <0.6 PRL 108 (2012) 151802
— T T [ T T T T [ T T T T [ T T T T [ T T T T ]
0 10 20 30 40 50
p. [GeV]
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Available measurements of quarkonium
polarizations at CMS

e Y(nS) polarizations as function of transverse momentum, pr, in bins of
ly|: PRL 110 (2013) 081802

e (nS) polarizations as function of pr in bins of rapidity, |y|: PLB 727
(2013) 381

e Y (nS) polarizations as function of charged particle multiplicity Nch in bins
of pr: arXiv:1603.02913, to appear in PLB

----------------------------------------------------------------------------------------------------------------------
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Y(nS) polarization as function of Ncx

e NRQCD factorizes quarkonium production in two steps

6 June 2016 Ilse Kratschmer (HPEHY Vienna)



Y(nS) polarization as function of Ncx

e NRQCD factorizes quarkonium production in two steps

1. Production of the initial quark-antiquark pair (perturbative QCD)

e e o o o

possibly colored QQ pair
of any possible **1L
quantum numbers
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Y(nS) polarization as function of Ncx

e NRQCD factorizes quarkonium production in two steps

1. Production of the initial quark-antiquark pair (perturbative QCD)

2. Hadronization of the initial pair into a bound state (non-perturbative QCD)

e e e

possibly colored QQ pair red

of any possible **1L
quantum numbers \\) anti
red

2) non-perturbative evolution
to the observed bound state
Quantum numbers change!

_____________________________________________________________________________
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Y(nS) polarization as function of Ncx

e NRQCD factorizes quarkonium production in two steps

1. Production of the initial quark-antiquark pair (perturbative QCD)

2. Hadronization of the initial pair into a bound state (non-perturbative QCD)

possibly colored QQ pair quarkonium (Q) )

red
of any possible **1L N /
quantum numbers 1“%\4 \ anti
&2 red

2) non-perturbative evolution
to the observed bound state

1) perturbat|ve phase Quantum numbers change!

e QQ pair must neutralize its color by absorbing or emitting gluons

= Study the influence of the surrounding medium on the quark-antiquark
bound-state formation

e Extend studies to pPb and PbPb collisions to test assumed universality of
the long distance matrix elements describing the non-perturbative part
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e Data

- Taken at /s =7 TeV in pp collisions with the CMS detector

- Collected using a
dimuon trigger in
the Y(nS) mass
window

- Corresponding to an
integrated luminosity
of 4.9 fb""

e No distinction between
directly produced Y (nS)

and Y(nS) coming

from feed-down decays

o |y(Hp)l < 1.2

e 2 prranges:
10-15, 15-35 GeV

Dataset

x 10° 4.9 fb™"' (7 TeV)

% 50—
= | {\ CMS
o
= B
6 b—
%40__ M
*g - D10<pT<15GeV
3 ! * 15<p_<35GeV

30—

20—

10

Ol—[lllllllllllllllllll -------------------

9

9.5

10.5 1
Dimuon mass [GeV]
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Definition of charged particle multiplicity

e N is computed by counting high purity tracks with |y| < 2.4 and
pt > 500 MeV, excluding the two muons from the Y(nS) decay

e Tracks are weighted by

. . -1
the likelihood that track 5o x10° | | : _4.91b” (7 TeV)
belongs to the primary s [ e CMS
vertex o [ R
e Events with more than o o-
16 vertices are rejected [ -
to reduce migration of so-
events between N, bins -
® 5 Nch bins: -
0, 10, 20, 30, 40, 60 20___
e Last two bins at low pr -
are merged for Y(35) to 10—
reduce the background- .
related systematic Z e
. Ll 1 1l l L L 1 l Ll 1 1 l Ll 1l 1l [ Ll Ll l Ll 1l l Ll 1M,
uncertainty %910 20 30 40 50 60 70 80
Charged particle multiplicity
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Obtaining polarization parameters

1. Definition of signal sample
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Obtaining polarization parameters

1. Definition of signal sample

—
o
w

4.9 fb™ (7 TeV)

L
o

§eN
o

ITI]IIII]]II]]IIIIIIITIIX

Counts per 40 MeV

W
o

20

10

I

‘ - | il &
.
0 [ 1 1 1 l 1 L 1 | l 1 1 | 1 l | | 1 L

CMS
Y(1S)

= 10<pT<15GeV
© 15<pT<35GeV

s
-------------------

| 3

9

9.5 10 10.5 11

Dimuon mass [GeV]

Signal region is defined as
+10 around mass peak
Cross-feed between the

Y (nS) states is negligible
Background fraction is
determined by fits to the
dimuon mass distribution
Angular distribution of the
background events is
modeled as weighted
sums of the distributions
in the sidebands, left of
Y(1S) and right of Y(3S)
peak

Dimuon mass resolution
Am = 80 MeV
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Obtaining polarization parameters

1. Definition of signal sample
Events distributed as in the background model are subtracted from the data

sample until the previously determined background fraction is reached

DT N Y(1S) Y (2S) Y (3S)
[Gev] ™ N fgg N fegz N fa
0-10 26900 3 10200 7 6500 10
10-20 51300 5 18200 12 10800 18
10-15 20-30 39200 7 13000 18 7500 26
30-40 20100 9 6300 24
40-60 11300 12 3400 31 >200 40
0-10 10600 3 4 500 7 3200 9
10-20 27900 4 12100 9 8200 12
15-35 20-30 25700 5 10900 11 7200 15
30-40 15100 6 6300 14 3800 20
40-60 9500 7 3400 17 2300 24

N...number of signal events
fsg...background fraction in %

6 June 2016
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Obtaining polarization parameters

1. Definition of signal sample
Events distributed as in the background model are subtracted from the data
sample until the previously determined background fraction is reached

DT N Y(1S) Y (2S) Y (3S)
[Gev] ™™ N fse N fgg N fa,
0-10 26900 3 10200 7 6500 10
10-20 51300 5 18200 12 10800 18
10-15 20-30 39200 7 13000 18 7500 26
30-40 20100 9 6300 24 e
1060 11300 12 3400 31 2200 i 4G highest e
0-10 10600 3 4500 7 3200 9
10-20 27900 4 12100 9 8200 12
15-35 20-30 25700 5 10900 11 7200 15
30-40 15100 6 6300 14 3800 20
40-60 9500 7 3400 17 2300 24

N...number of signal events

fsg...background fraction in %
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Obtaining polarization parameters

1. Definition of signal sample
Events distributed as in the background model are subtracted from the data
sample until the previously determined background fraction is reached

DT N Y(1S) Y (2S) Y (3S)
[Gev] ™™ N fse N fgg N fa,
0-10 26900 3 10200 7 6500 10
10-20 51300 5 18200 12 10800 18
10-15 20-30 39200 7 13000 18 7500 26
30-40 20100 9 6300 24
10-60 11300 12 3400 31 2% 20 lowest N
0-10 10600 3 4500 7 3200
10-20 27900 4 12100 9 8200
15-35 20-30 25700 5 10900 11 7200
30-40 15100 6 6300 14 3800
40-60 9500 7 3400 17 2300

--------

N...number of signal events
fsg...background fraction in %
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Obtaining polarization parameters

1. Definition of signal sample

2. Definition of Posterior Probability Distribution (PPD) from signal-like events
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Obtaining polarization parameters

1. Definition of signal sample

2. Definition of Posterior Probability Distribution (PPD) from signal-like events

Measured cos3 and ¢ distributions after background subtraction

4.9fb" (7 TeV)

49fb"’ (7 TeV)

) 1 [
= ] Q
P 1 CMS HX frame Y(2S) = CMS HX frame
<800 4% val @ 900 Y(2S)
@ : ) efsr1re ) .Zaoue)s =0 15 < p. < 35 GeV 'g —— Measured A values
e e B A S T - hy=0, A, =405, .=0 15<p, <35 GeV
Q - - - ™
S70077 o Rg=-1, Ky=0, k=0 10<N,, <20 S 800 7y=0, . =-0.5, hyy=0 10<N,, <20
600{ § 700
] L
500 — 500 .
- 500
400 —
: 400
300 —
. 300
200
] 200
100 — 100
Oﬂ" Trr [T T [frr[rrr[rrr[rrr[yrrryrrrs 0 LI L L L B L B L
-1 -08 06 -04 02 0 02 04 06 08 1 -150 -100 -50 0 50 100 150
cos ¢
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Obtaining polarization parameters

. Definition of sighal sample
. Definition of Posterior Probability Distribution (PPD) from signal-like events

. Numerical results and graphical representations are determined from 1D
and 2D projections of the PPD

) 4.9 fb" (7 TeV) o | 4.9 fb" (7 TeV)
< CMS < 1 CMS — 68.3% CL
| w— 68.3% CL ﬂ —— 99.7% CL
| |— 99.7% CL
HX frame . HX frame
0.5 0.5
e N\
0 C T D 0 0O)
— T O/
| Y(2S)
-0.5 -0.5— 15<p, <35 GeV
B Y(ZS) ' 10<Ncn<20
15<p, <35 GeV .
10<N,_, <20 ~ ) )
1 1— gray areas = physically forbidde
l T ' T T | 1 T T | 1 T I . . T 1 1 v - - v 1 1 I - - v v I 1 T - - -
-1 -0.5 0 0.5 1 o -0.5 0 0.5 1

-
N,

U g
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Challenges

e Reliable background modeling from data sidebands
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Challenges

e Reliable background modeling from data sidebands

e Limited angular phase space coverage due to cuts on single muons

- Large holes in acceptance reduce the precision of the extracted parameters

Pux _
300~ 300_— Toy MC
\ with pr(p) > 3 GeV
200 200" .
' Reconstructed, unpolarized Y(1S)
: with pt(Y(1S)) > 10 GeV,
100~ 100=
- : ly(Y(15))] <1
Ci:lllll-OI.S IIIIIIII 015HH1 q:IHHOISHH(I)HHOISHH
cosd,,y,
Talk J. Seixas at ECT* workshop “New Observables in
Quarkonium Production” in Trento, Mar. 2016
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Challenges

e Reliable background modeling from data sidebands

e Limited angular phase space coverage due to cuts on single muons

Large holes in acceptance reduce the precision of the extracted parameters

e Precise mapping of single muon and dimuon efficiencies

using dedicated triggers

Data-driven single muon efficiencies measured with the Tag&Probe method

> 1.1
> 110
- Correlations between g f
muons are calculated § B
in detailed MC studies, § T — é
. £ 09—
but are negligible o I
2
% 0.8
B CMS
07F- pp \'s =7 TeV
E —eo— In(u)l <0.2
06 1l — 0.8<In(wl<1.0
05k H‘ — 14<InW)l <16
:II;ElllllllllllIIII|IIII|IIII|IIII|IIII|IIII|IIII
0 5 10 15 20 25 30 35 40 45 50

single muon transverse momentum [GeV]
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Systematic uncertainties

e Sources of systematic uncertainties
- Extraction of polarization parameters / robustness of the framework
- Background model

- Single muon and dimuon efficiencies (Nch independent uncertainty of 2-3%)

e Ncn dependent systematic uncertainties are propagated to the PPD

e Background model uncertainty dominates in highest Ncy bins and lowest
pT range

e Statistical uncertainties

are dominant for Y (2S)
and Y(35)

6 June 2016 Ilse Kratschmer (HPEHY Vienna)
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Results in the HX frame

No significant changes from low to high multiplicity pp collisions, but large uncertainties preclude definite
statements for Y(2S) and Y (3S)

" CMS a9 (7Tev) |
0.5 1
Ao : | :} it Il+ }+ J|+ lT H I+ + | *
°U"1+”"" ..... L S ]+ ....... 4|? ........ = T AL T 5 [N SRR foresseetensasnnesensanansd
0.5 10-15 GeV
‘ * 15-35 GeV
0.4
HX frame
0.2
Ao |
OE""'+ ..... :':+ ...... ‘ ........ :' ....... {)4‘+ ..... :¥ ..... ,'+ ..... * ........ :+ ........ 'E"I.H .... H ....... ‘L ..... + .........
0.2 '
04l \5(1.5) \f(2_3) Y(3S)
0.4
0.2
Ath{' * ) L + l ‘ Il
e S S S A T S A S U R ;"I """""""
0.2 l }
)Global unc., 10-15 GeV |
04 m Global unc., 15-35 GeV
; |
T 05
" L T ! : 1 ’ {
OE.‘[} ..... I} ______ G ” AAAAAAA }'. ________ - + ..... - S }+ AAAAA  [— 1 ....... .E....l, ......... o T, .................
05 |
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6 June 2016 Ilse Kratschmer (HPEHY Vienna)



Results in the HX frame

No significant changes from low to high multiplicity pp collisions, but large uncertainties preclude definite
statements for Y(2S) and Y (3S)

""CMS 49 (7 Tev)

0N $ } .- o : -. !
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1 * 15-35 GeV
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Results in the HX frame

No significant changes from low to high multiplicity pp collisions, but large uncertainties preclude definite
statements for Y(2S) and Y (3S)

""CMS 49 (7 Tev)
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Results in the HX frame

No significant changes from low to high multiplicity pp collisions, but large uncertainties preclude definite
statements for Y(2S) and Y (3S)
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Results in the HX frame

No significant changes from low to high multiplicity pp collisions, but large uncertainties preclude definite

statements for Y(2S) and Y (3S)
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Frame-invariant parameters are consistent in all tested frames
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Interpretation of results

e Polarization of a sample of quarkonium states produced through two
different processes with polarizations Ao and A1

-----------------------------------------------------------------------------

Tt g/ 510 T80

----------------------------------------------------------------------------

with f being the fraction of events with As linearly changing with Ncn
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Interpretation of results

e Polarization of a sample of quarkonium states produced through two
different processes with polarizations Ao and A1

-----------------------------------------------------------------------------

Tt g/ 510 T80

----------------------------------------------------------------------------

with f being the fraction of events with As linearly changing with Ncn

HX frame

0

hy =41 e Check the influence of a
polarized contribution to
the total process

e Ao= 0 (unpolarized process)

e Ai=+1 (fully transversely
polarized process)

1+ o =0

05 e Different values for
- Fraction of transverse process .
0> 100% --- 0520% fraction f
B ——50>0% --- 20->0%
1 N T BT SR B BT
10 20 30 40 50
Nch
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Interpretation of results

e Polarization of a sample of quarkonium states produced through two
different processes with polarizations Ao and A1

-----------------------------------------------------------------------------

U oy P /lA-D), S

3—|—)\0 3—|—)\1

----------------------------------------------------------------------------

with f being the fraction of events with As linearly changing with Ncn

i HX frame — by =05 1, =025
1 b =00 7 =025 e Probe changes of the
. inclusive polarization caused
05 : by feed-down decays with
Ne . s -esmnIIIIIIIIETT fraction f and polarization Aq
o | @ Fraction f s linearly
: s changing from 50 to 0%
-0.5 a Fraction of transverse process: 50 > 0% ¢ D]fferent Values for 7\0
h -« h=04 3, =0.0 ceees A =00 A, =10 and }\1
[ - Ay =04 ), =-0.4 he =00 1, =-04
oLl N B S SR S SN
0 10 20 30 40 50
Nch
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Summary and conclusions

e Polarizations of the Y(1S), Y(2S) and Y (35) states in pp collisions at
Is =7 TeV have been measured as function of charged particle multiplicit
in ranges of pr

e No significant changes from low to high multiplicity pp collisions, but
large uncertainties preclude definite statements for Y(2S) and Y (3S)

e First step in a broader study

- Extension to charmonium family, in particular y(2S) that is not affected by
feed-down

- Extension to pPb and PbPb collisions to study how the quark-antiquark bound
state formation is influenced by the surrounding medium

y
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