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The dark side of the SM Quarkonia are the QCD
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The quarkonium polarization puzzle in a nutshell

In the early 90’s, CDF measured a (2S) cross section 50 times larger than expected in the
color singlet model (CSM): “the ’ anomaly”

In 1995, BBL gave birth to the NRQCD approach, which solved the ¢’ anomaly by adding a
series of color octet terms; since they had free normalizations, fitted from the data, it is
not surprising to see that the data could be reproduced (within the data uncertainties)

The validity of NRQCD was probed by fixing those free parameters and then comparing a
resulting prediction to independent measurements; this is where the polarization enters

The outcome is well known: NRQCD predicts transverse polarization, not observed in data

Note: Previous “equally anomalous” J/{ measurements (by E789 and CDF) were not seen as a
fundamental problem: too low p; (E789) and too much affected by feed-down decays, of unknown
fractions: the (2S) was the smoking gun that killed the (LO) CSM



NRQCD factorization: the basic features

The heavy-quark mass provides a natural boundary between short- and long-distance QCD
Quarkonlum production can be factorized in two distinct phases

possibly colored QQ pair
of any possible 3*1L
quantum numbers
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2) non-perturbative evolution
to the observed bound state
Quantum numbers change!
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: 1) short-distance coefficients (SDCs): : | 2) long-distance matrix elements (LDMEs): |
_partonic cross sections (convolved with PDFs) ;| constant, universal, fitted from data |
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NRQCD factorization: the basic features (cont.)

The heavy-quark mass provides a natural boundary between short- and long-distance QCD
Quarkonlum production can be factorized in two distinct phases

possibly colored QQ pair
of any possible 3*1L
quantum numbers

anti
red

2) non-perturbative evolution
\ J

4 to the observed bound state

1) perturbative phase Quantum numbers change!
LAy o L e~y ! A
: 1) short-distance coefficients (SDCs): | 2) long-distance matrix elements (LDMEs):
. partonic cross sections (convolved with PDFs) : ! constant, universal, fitted from data :
"« functions of kinematics: p;, y, etc "+ constant: independent of kinematics
' * not universal: '« universal:
 different in pp, e*e”, etc. i * the same in pp, e*e’, etc. i
| .« insensitive to the “rest” of the event
* calculated in pQCD, depend on a, order; * determined from fitting data

might change shapes from LO to NLO ! — testable by over-constraining theory



The LDMEs and the v scaling

The LDMEs P{(Q(_l)c[?’s"lL,] — H} depend on the relative velocity v of the quark pair
in the bound state, according to definite scaling rules (proportional to powers of v?):
S-wave H: J/Y, P, Y [3S,, 1]
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=> Many LDMEs can be neglected:
— fewer free parameters, determinable in well-constrained fits



NRQCD in action: a pedagogical example

The J/WU cross section is fitted adding the (free) 1S, 3S,, P, octets to the (fixed) 5. singlet
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Curves:
SDC functions at NLO by
M. Butenschon and B. Kniehl

Note:
the fit starts at p; = 3 GeV

The 3S, and *P octet terms
dominate at high p;

What does this imply for
the polarization ?




NRQCD in action: the polarization dimension

Quarkonium polarization is characterized by A, experimentally measured as the polar
anisotropy of the decay dilepton angular distribution, usually in the helicity frame

O~ O
: : g . T L
The theoretical A, is calculated from the transverse and longitudinal cross sections
O;+0
TTOL

Each color singlet and octet term has a specific polarization associated

The "5, singlet changes from A, = +1 at LO to A, = -1 at NLO (but has a relatively small impact)

The important octet terms for S-wave quarkonia are:

1S, — 2A,=0 at LO, NLO, etc; isotropic wave function
35, — Ag=+1  atlLO, NLO, etc, at high p;, where the fragmenting gluon is real
P, — Ag>>+1 atNLO, whileat LOitis O...

Dominance of the 3S, and *P, octet terms — A, = +1, for high-p; S-wave quarkonia

Note: in theory, the sub-processes are not physically observable on their own, only inclusively;
some calculations even give negative cross sections... and A4 > +1



NRQCD vs. pre-LHC data

The NRQCD “global fits”

fit the LDMEs from p-differential cross sections
and then predict the quarkonium polarizations

The CDF J/{ polarization measurements
disagree with the NRQCD prediction: puzzle !

But the Run 1 and 2 results are inconsistent
(as are the CDF and DO Y(1S) polarizations)

Besides, feed-down effects blur the J/ picture
(and the CDF {(2S) result has poor statistics)

— Not seen as clear-cut evidence
of a fundamental problem...

— The LHC cross sections and polarizations
can provide significant improvements:
more reliable analysis methods

and higher p; reach
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CMS: excellent performance for quarkonium studies
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S-wave cross sections and P-wave ratios

The Y(nS) differential cross sections were
measured in the p; range 10-100 GeV (!)

Acceptance corrections use the measured
polarizations, reducing the biggest
uncertainty of previous measurements

The three S states show similar patterns;
P-wave feed-down contribution does not
seem to significantly affect the p; trends
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The photons emitted in x decays have =1%
probability to convert and be reconstructed
in the silicon tracker

The e*e tracking provides =5 MeV mass
resolution, crucial to resolve the two states

Efficiencies cancel almost completely in the

Xy / Aoq Cross-section ratio



Results on P-wave charmonia

The %, / X, cross-section ratio was measured up to much higher p; and with smaller errors
than previous measurements; systematic errors are dominated by fit to mass distribution

To compare with theory calculations:
- the photon p; distribution was extrapolated down to 0 GeV
- care is needed regarding assumed polarizations, that can significantly change the result
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Results on P-wave bottomonia

The %,,(1P) / %,,(1P) cross-section ratio was measured for the first time in a hadron collider
Systematic uncertainties are dominated by fit to mass distribution
Mass resolution of 5 MeV resolves the two peaks, separated by only 19 MeV

Cross-section ratio seems to be rather flat with p;
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Quarkonium polarization analyses

Quarkonium polarizations are measured from the
angular decay distributions in dimuon decays

We measure the full angular distribution and report
polarization parameters (in 3 frames)

the A, )\¢ and

Continuum Bg removed using invariant mass distribution;
and the non-prompt charmonia using the decay length

Challenges: precise mapping of (di)muon efficiencies (T&P)
and reliable background modeling (sidebands)
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Quarkonium polarization results

No strong anisotropies seen in any of the measurements
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Quarkonium polarization results

No strong anisotropies seen in any of the measurements
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Quarkonium polarization results

No strong anisotropies seen in any of the measurements
Good consistency between CMS, LHCb, ALICE and CDF
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Summary :

Cross sections and polarizations have been measured for five S-wave quarkonium states
in pp collisions at Vs =7 TeV

< Y(1S), Y(2S) and Y(3S)
<> cross sections and polarizations measured with 4.9 fb! of data collected in 2011

< J/¥ and (29)

<> cross sections measured with only 37 pb of data, collected in 2010 data
<> polarizations measured with 4.9 fb'! of data collected in 2011

The %,/ X and x,,(1P) / x,1(1P) cross-section ratios have also been measured,
at 7 and 8 TeV, respectively

The menu will “soon” be complemented with more measurements:
<> J/Y and (2S) cross sections up to very high p;
<> cross sections and feed-down fractions of P-wave states (x. and )

<> polarizations of P-wave states (., ; X, ; etc)




Further reading

J/P and (2S) production cross sections
CMS, EPJC 71 (2011) 1575 [L =314 nb', 7 TeV]
CMS, JHEP 02 (2012) 011 [L = 37 pb~', 7 TeV]

Y(nS) production cross section
CMS, PRD 83 (2011) 112004 [L = 3 pb~1, 7 TeV]
CMS, CMS PAS-BPH-12-006 [4.9 fb!, 7 TeV]

Xco OVer X., cross-section ratio
CMS, EPJC 72 (2012) 2251 [4.6fb1, 7 TeV]

Xu2(1P) over x,,,(1P) cross-section ratio
CMS, PAS-BPH-13-005 [20.7 fb1, 8 TeV]

J/Y and Y(2S) polarizations

ALICE: PRL 108 (2012) 082001 [100 nb', 7 TeV]
CMS, PLB 727 (2013) 381 [4.9 fb!, 7 TeV]
LHCb: EPJC 73 (2013) 2631 [0.37 fb!, 7 TeV]

Y(nS) polarizations
CMS, PRL 110 (2013) 081802 [4.9 fb!, 7 TeV]
CDF, PRL 108 (2012) 151802 [6.7 b1, 1.96 TeV]
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Polarization: NRQCD vs. LHC data

CMS measured (2S) polarization: no feed-down excuses...
CMS, LHCb and ALICE J/{ results are in good agreement: no data inconsistencies
— The puzzle is a real problem and not caused by unreliable data
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pp Ns =7 TeV
HX frame
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How to solve it?

—e— CMS, L =4.9fb”, total uncert. 68.3% CL

—— NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027
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A data-driven inspiration: polarization first

22

LHC S-wave quarkonia polarizations cluster around the unpolarized limit, with no strong
changes from directly-produced states to those affected by P-wave feed-down decays
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The simplest (“zero-order”) explanation: all quarkonia are produced by a single mechanism,
with a large contribution of the (unpolarized) 1S,-octet channel

But we saw that this is not a dominant term in the fits to the cross sections... Right?



A second look at the NRQCD fits

Let’s consider how individual contributions in the NRQCD calculations compare to data
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. CDFdata;
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The contribution is fixed
(no free normalization) and represents a
tiny fraction of the total cross section
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A second look at the NRQCD fits :

Let’s consider how individual contributions in the NRQCD calculations compare to data

102 . CDF data

The octet IS, contribution alone is steeper
(at low p;) than the measured cross section;
its polarization is zero

10

B(J/w—uu) [nb/GeV]
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x 10
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~ _4-
L 10 ly| < 0.6
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A second look at the NRQCD fits

Let’s consider how individual contributions in the NRQCD calculations compare to data
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25

The octet 3S, contribution alone is less steep
than the measured cross section;
its polarization is transverse

] P l é
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A second look at the NRQCD fits

Let’s consider how individual contributions in the NRQCD calculations compare to data
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The octet *P, contribution is negative
for p; <7.5GeV!
its polarization is “hyper-transverse”
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A second look at the NRQCD fits

All together now...

B(J/w—up) [nb/GeV]

NLEN B AL LA AL DL DL L L 7
10 2 « CDF data ~1
10 The data points are poorly fitted...
The high-statistics low-p; points drive the fit
1 \
-1
x 10
;4{ 2 \
: )
0 - Reminder:
%10'35 ) the fit starts at p; = 3 GeV
e Vs =1.96/TeV
~~ _4-
© ly| <0.6
© 10
E-. ...I..LI...I...I...I...I...I

| '
4 6 8 10 12 14 16 18 20
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A matter of NRQCD validity domain?

Let’s isolate the high-p; asymptotic behaviors,
by normalizing the curves to the highest-p; CDF data point

1 1 | 1 | | | | voR
= 1072 « CDF data ;
Q)
o)
= 10 The octet 1S, term has the shape
= most similar to the data
= — and this is the unpolarized contribution !
(R
=
)
m -1 .
x 10 S
.
210
I
8,'_ 10 _ The “NRQCD region”
g' i Vs = 1.96 TeV may start here !
1 ' T ] | | ' |

|l 4 4 L1 L 2 L 1 ' ' '
4 6 8 10 12 14 16 18 20
P [GeV]



A matter of NRQCD validity domain? :

The crucial hypothesis of NRQCD: factorization

A mathematical proof that it holds at all orders in a. for quarkonium production
does not exist: comparisons with data are fundamental to show the way ahead

It is well known that it can only hold for p; >M (and v< 1)
l.e, for QQbar pairs produced at a sufficiently short distance d = max{1/mg, 1/p.},
significantly smaller than the bound-state size 1/(mqv)

But current analyses use data down to p; = 3-7 GeV/c (J/Y) and p; = 8 GeV/c (Y)
without systematically investigating the implications of this choice

The lowest-p; points drive the LDME fit results and should be gradually excluded
in a search for the domain of validity of the effective theory

The high-p; reach of the LHC measurements can trigger a big step forward !



Towards better NRQCD global fits N

We have started working on a significantly improved NRQCD fit framework:

> The analysis is made as a function of thresholds in p; / M
to answer the basic question: has NRQCD factorization a domain of validity?

> Both cross sections and polarizations are used as simultaneous constraints

> Experimental correlated uncertainties (luminosity, etc) and polarization-dependent
acceptances are accounted for; inconsistent measurements are not used

» Theoretical uncertainties are accounted as difference between LO and NLO calculations

Note: the bottomonium SDCs are obtained from the charmonium ones* using p;/ M scaling

*by M. Butenschén and B. Kniehl, calculated for M =2 m_
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10*

10°
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SDCs from LO to NLO

Theoretical uncertainties (perturbative calculations) are small for the 1S, and 3S, octets,

which have relatively small changes from LO to NLO
The 3P, contribution, instead, changes drastically from LO to NLO;

in cross section and in polarization

o LO NLO
g e LO —— NLO
Y LO —— NLO

----- LO (neg.) —— NLO

(1)
lyl <0.9

o

10 20 30 40 50 60 70
p, [GeV]

S-octet dominance would
solve the problem of the
slowly-converging
perturbative series in NRQCD

Neglecting the *P, term gives
much more constrained fits

— we start with this option
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do / dp_dy [nb/GeV]

HX
>\’13 0

The “standard” fit approach, p; > 3 GeV

Data fitted down to lowest p; /M, without polarization constraint
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Global fit, pr > 3 GeV

Data fitted down to lowest p; /M, with polarization constraint
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* No visible change
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do / dp_dy [nb/GeV]

Global fit, p; > 5 GeV :
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Global fit, p; > 7 GeV :
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» 158 js now the main contribution
 polarization closer to the data
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Our “best” fit so far

We deduce that

the theory describes the data when:

for the (2S) :

pr> 13 GeV

more generally — p;/M>3.5
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* very good agreement with data
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The 2 probability improved by 36 orders of magnitude !

x2 probability

w(2S) p;™" scan summary

The search for the domain of validity of the theory framework is seemingly successful.

- 6 8 10

12

14
P [GeV]

p,™n = 13 GeV

p;™i" =3 GeV
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w(2S) p;™" scan summary

Limiting the analysis to “NRQCD’s validity domain”, the 1S,® vs. 35, hierarchy is inverted:
the 1S,® octet—singlet transition matrix element dominates !
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The 1S, cross-section fraction (evaluated at p;/ M = 6) changes from essentially zero

w(2S) p;™" scan summary

(or even slightly negative...) to become the dominant contribution

Relative fraction of 1888) contribution

1.2

—
llIlIII

B 6839 cL
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14
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Test of the S-wave octet dominance

We now include the P-wave octet term, (II(ZS)
to check our assumption that it is negligible
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Best fit: @(2S)
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Improvements w.r.t. the previous slides:

* theoretical uncertainties (from NLO — LO)

* uncertainty bands in the 'S, and 3S, octets

The ratio between the 35S, and S, LDMEs

is below 2%...

The 3S, transition is practically forbidden
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Best fit: Y(3S)

Same fit procedure applied to the Y(3S),
requiring p; / M > 3.5

 equally good fit quality: P(x?) = 77%

* results similar to the (2S) case

* we will soon add lower p; points

* and simultaneously fit the {(2S)
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An unexpected hierarchy

According to the NRQCD v-scaling rules we should see LDMEs of a similar magnitude for
the three octet terms...

P(Py) ~ P1Sy) ~ P('Sy)

Instead, S-wave quarkonium measurements suggest a strong internal hierarchy between
these three transitions:

PEP,) << P(3S,) << P(IS,)

—> strong indication for the understanding of the mechanism of bound-state formation
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QQ story

% Orcourlers = : :
ust Cg) |r| <1/mq < quarkonium radius
. . - TE (short distance interaction)
Colour-octet pair production ro o .
f > |p| <<< quarkonium lab momentum
(relative quark motion “does not exist”

at perturbative level)

—

L=rxp

Not A Tirst-Jaglit Attractior. ..

The short-distance potential between
two non-colour-conjugate quarks
is repulsive ’
. \\\ \
<r>increases v
V.o =+’ <p> increases [> o«
octet 6 r N
‘ \» L constant <

The state grows...



QQ story
JoveJtribes

o

Emission/absorption of soft-gluons (at least one or two)
transforms the quark-antiquark pair into a colour-singlet state

<
3

-
=
Since colour-conjugate quarks are attracted, S The. bound state
the state growth is decelerated \‘ C{‘ is formed
4 a )
Vsinglet(r) - ? TS +or %
e r

Fle Snd
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The moral

The potential energy drops from slightly positive to negative
in the octet-to-singlet transition

— On average, because of energy conservation, the kinetic energy T must increase
— Therefore, AT £ 0 transitions are disfavoured or suppressed
AT is related to AL and AS :

The *P; — /Y g transition is analogous to the x_, — (/Y y decay
AL=-1,AS=0
AT ~M(¢p) —M(x,) ~—0.4 GeV — suppressed

The 1S, — /Y g transition is analogous to the reverse of the y/Y — n_, v decay
AL=0,AS =+1
AT ~M(¢g)—M(n,) ~+0.1 GeV — favoured
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Polarization as a crucial test

This picture favours the 1S, octet components and strongly disfavours the 3P, term
Together with the v-scaling rules, it implies that

* the 1S, and 3S, components dominate colour-octet production
of 3S,, 1~ quarkonia (, Y states), with 1S, favoured with respect to 3S,

* the 1S, component (AT-favoured) and/or the 3S, component (v-favoured)
dominate colour-octet production of 3P, , J** quarkonia (x., X, states)

These basic predictions are suggested by the { + Y polarization measurements and
should be confirmed or falsified by forthcoming measurements of x polarizations

e, Y: (s, A @@ strongly fawou,red/by current datov

3S, — Ay=+1
3P, — Ay > +1
X: 1S, — Ay=0

edv
3S, — A(xy) = +1/5 tO‘be/ meas’
As(x,) = +21/73



An immediate connection: p-A studies

Charmonium absorption in p-A collisions is usually parametrized as

p = density of nucleus (~ A-independent)
¢(A) = length of nuclear matter crossed by charmonium
2 = nuclear absorption cross section

o(pA)=c,-€ P 2 ¢(A)
~0,[1-p2€(A)]

However, o(pA) measurements do not follow this pattern down to low A:
there seems to be no charmonium absorption in the smallest nuclei (D, Be, Al):

0.1

0.00F- Y’ cross sections

— % 1 AN (identical patterns
g " \i-\\+ shown by J/y data)
Tj) 0.06]— So
£ 005 NASO £, = 400 GeV i
g - 1 | | 1 |
— 011
X (HD Be Al Cu Ag WPDb no absorption
— 0.1
\é ook l{: . exponential-like absorption
o i + BRI N
Q o.08- \\*
0.07 \\i
006 NA50-51 £, =450 GeV LA

0

1

2 £ [fm3]

2
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An immediate connection: p-A studies

Charmonium absorption in p-A collisions is usually parametrized as

o(pA)=c,-€ P 2 ¢(A)
~0,[1-p2€(A)]

p = density of nucleus (~ A-independent)
¢(A) = length of nuclear matter crossed by charmonium
2 = nuclear absorption cross section
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Moreover, this model does not account for the asymmetry shown by the ¢’-to-J/y ratios
between positive and negative longitudinal momentum (x>0 /x:<0):

Bo(y’) / Bo()/) [%], NASO E, =450 GeV

1.9F
18F

1.43

1.8

@L**j

151

14F
13

Cu (A = 64) 1 Ag (A=108)

1.9
1.8

14

[
1.3

|

1.7F
165
15F

- W (A=184)

Xg

Xg

R EEN RSN KRN B RN BN BRI A R E..ll.l.l,..J.i.l... PRI BRI BRI U R o L b b b b b b b L
1'-%.1 -0.08 -0.06 -0.04 -002 0 002 0.04 0.06 0.08 0.11'-%].1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.11'-?0.1 -0.08 -0.06 -0.04 -002 0 0.02 0.04 0.06 0.08 0.1

Xg

Larger absorption difference at x. < 0 (quarkonium travelling slower through the nucleus)
(similar pattern shown by E866 data at £, = 800 GeV)

This asymmetry cannot be explained by nuclear shadowing of the parton densities (nPDFs)
nor by parton energy loss, since these initial-state effects cancel in the o(¢’) / o(J/y) ratio



“Seeing” quarkonium formation

Putting the A and x; dependencies together, we see, after a threshold, a monotonic

scaling with the proper time €(A) / y(x;)

of quarkonium permanence inside the nucleus

___________________________________
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2F BEEE — boundary between
i quarkonium not ° 1 g;— T : iperturbative (8/y.< 1/mq) |
" yetabsorbed, | ® 1.8F [ : ~and nonperturbative regimes! |
| still a —~ 1L 1 ;!
Lt YR E 75 l | T ;L I ]
: point-like 'S 1 6b ! i
: object : 2 - |
------------- <X 1.5F I
= 1.4F = NA50400 GeV, Be/AICuWAgW/Pb TN . | ___.
o — = NA51 450 GeV, H/D :
) 1.35 = NA50 450 GeV. Be ! \Iarger absorption
1 oF © NAS0450 GeV, Al ! effects for
<~ m NA50 450 GeV, Cu i
(. = NASO0 450 GeV; Ag ! §Iow guarkonium
-1t = NA50 450 GeV, W ' inalarge nucleus
_I 11 1 1 I 1 1 1 I L1 1 | [ L1 1 1 I L1 1 | I L1 1 1 I Y T T
_______________ o 005 01 015 02 025 03
. . I r
i two small and very similar | €/y [fm] — > fully-formed J/y and ¢’
! “pre-resonance” objects I | “observable” bound states

The QQbar state grows !

(absorption cross section proportional to object size)

—> nuclear absorption in p-A collisions as “tomography” of quarkonium formation !



A further hint of “unified” production mechanism

Improved model including formation effects
* All charmonia come from one “pre-y/x” object

too small to be absorbed and having “lifetime” t: = o
dp.. . /d€ = 1/(cT) S NAS0-51 E, = 450 GeV
* Formed states are absorbed with probabilities S oot +
dp, /de=pz(J/Pp) or Z(¢’) or Z(x,) i 008
* Absorption cross sections scale like squared radii: § °-°7;—
2J/P):Z(x.) :Z(Y’)=1:2.1:3.3 T 0oL
B E T AN S—
/ e [f
Bo(y) / Bo(l/ ) %] L]
150 Cu(A=64) 15 Ag (A= 108) s W (A=184)
e :-:/

1.3

X

Xg

The data are reproduced by a fit yielding ct=0.35 £ 0.15 fm
consistent with the formation-time expectation h / [my (m,)—-m,,]~0.3-0.5fm

:‘xulilAIAxxl‘AuJA‘Allx:luAlIAnA\‘A‘luxA :\|\|‘\|‘||\|\|\‘|\l‘\l\l\ll‘l\ll\l\l\\l :..,l...JK..I.l.ll.lJl..I,..J|||I||.l1\|
1251 -0.08 -006 -0.04 002 ©0 002 004 006 008 0191 008 -006 -004 002 0 002 004 006 008 0.1'%1 -0.08 -006 -004 0.02 0 002 004 006 008 0.1

—> scenario quantitatively consistent with all charmonia being produced by one mechanism

Xg



Summary

Instead of asking if NRQCD is the correct theory, we search for its domain of validity:
above which p; / M does it describe the data?

We move the polarization data from the periphery to the center of the study,
realizing that it is the most stringent constraint in discriminating the theory terms

This “Copernican revolution” provides a simple solution to the polarization puzzle !

And comes together with several nice features:

- the fits are stable and the results evolve continuously with the p; / M cut

- the results do not involve negative cross sections nor unphysical polarizations (A, > 1)
- and are insensitive to the lack of perturbative convergence of the mysterious 3P, octet

The path for further progress includes:
= new experimental measurements at high p; and of the P-wave polarizations
= more theoretical efforts in understanding the P-octet term

Many thanks
to Mathias Butenschén and Bernd Kniehl for kindly providing their detailed calculations
and to Sergei Baranov and Geoff Bodwin for many discussions



