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Introduction & Motivation

Quarkonia are bound states of an heavy quark and an heavy antiquark (cc, bb ) and
exist in “families” of several states (colorless, neutral mesons)

Quarkonium spectra & decays are well understood below open charm & beauty thresholds

Quarkonium production is still an active field of research;
production rates @ LHC are rather high > LHC is a “quarkonium factory”

Quarkonium production occurs through :
a) Prompt production: direct production or feed-down from higher quarkonium states
b) Non-prompt production : from B decays (charmonia only)

The study of quarkonium prompt production is suited to understand how quarks combine
into a bound state (hadron) [not easy: it is part of the non-perturbative QCD sector ]

Properties of QCD can be probed (by LHC experiments, in different new kinematic regions)
through several quarkonium production measurements including :

» production cross sections

» polarizations
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Quarkonium spectra & overview of feed-down into spin-triplet S-wave states
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Quarkonium Production
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NRQCD Factorization conjecture

» In the Q0 center-of-mass frame quarks are not relativistic (v = v/c << 1; better approx. for b than ¢z )

NRQCD : effective field theory that treats heavy quarkonia as non-relativistic systems

2 The heavy-Q mass m, >> A ., (that provides a natural boundary between short- and long-
distance QCD) &) the inclusive quarkonium production can be factorized in two distinct steps:

Sketch by P.Faccioli

i possibly colored QC_Z pair red Quarkonium (H) i
! of any possible “=*"| _ v |
] - oy, 4 ) H
I quantum numbers \ o) S anti :
i ‘ i
L 1

1

Step-1: QO production in the

regime of perturbative QCD Step-2: formation of a bound

state driven by non-pert. QCD

>
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Step-1: OO0 production in the

regime of perturbative QCD Step-2: formation of a bound

state driven by non-pert. QCD

2 Inclusive xsection for producing quarkonium (H) with enough large momentum transfer p, :

(4+5~[00], + X)oP((08], - 1) Cu=" £D
J

Y Y
QQ can be, at short distances, - Short-distance Long-distance matrix
peruced in a state n with definite: coefficients (SDCs) elements (LDMEs)
spin S, angular momentum L, and
colorCc=1,..,8. ¥
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NRQCD : color-singlet & color-octet terms

Short-distance coefficients (SDCs)

Long-distance matrix elements (LDMEs)

Inclusive pQCD xsection of partonic processes
to form QQ in state n (convoluted with PDFs)

process-dependent functions of kinematics

calculated perturbatively as expansions in &

>

Probability of QOO0 in state 1 to evolve into
the quarkonium final state H

universal constants (independent of kinematics)
determined by fits to exp. data

relative relevance given by V - scaling rules

‘ QCD@Work2014 / 16 June 2014 Alexis Pompili (Bari Univ. & INFN) 5/19 ‘



NRQCD : color-singlet & color-octet terms

Short-distance coefficients (SDCs)

Long-distance matrix elements (LDMEs)
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Probability of QOO0 in state 1 to evolve into
the quarkonium final state H

universal constants (independent of kinematics)
determined by fits to exp. data

relative relevance given by V - scaling rules

2 Theoretical predictions are organized as double expansions in g and V.
Truncation of V-expansion for S-wave states in NRQCD includes 4 terms:

» the Color Singlet (CS) term: S}

» 3 Color Octet (CO) terms: 'S5, 'SP |, (of relative order O(v*) w.r.t. CS)

The CS term is characterized by a suppression of powers of ¢ thus making
important the CO channels despite of their suppression by powers of v !
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2 Theoretical predictions are organized as double expansions in g and V.
Truncation of V-expansion for S-wave states in NRQCD includes 4 terms:

» the Color Singlet (CS) term: S}

» 3 Color Octet (CO) terms: 'S5, 'SP |, (of relative order O(v*) w.r.t. CS)

The CS term is characterized by a suppression of powers of ¢ thus making
important the CO channels despite of their suppression by powers of v !

2 Color singlet assumption: initial 00 & final H (°S,) have same quantum numbers!

NRQCD predicts the existence of intermediate CO states in nature, that subsequently
evolve into physical color-singlet quarkonia by non-perturbative emission of soft gluons.
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NRQCD in action: differential xsections

CO & NLO corrections in o

good consistency in the fit of
the differential xsections vs. p;

: Fit function : superposition of CS and CO SDCs
: - CS contribution is fixed

: - CO terms have fixed shape but
1
L
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M.Butenschoen & B.Kniehl, PRD84, 051501 (2011)

p

— —
o o

—h
|

-
o
'
—
(B

'y
o
r
|BRERARLL

W

do/dp(pp—Iy+X) x BUy—py1) [nb/GeV]

-
o
I

o
e

L LA W

T
RD 71, 032001

2542005)

E V5 =1.96TeV
[ lyl<06

I I T T

|l|||lnnnl']"ll|||l|

T T L B L S B

CDF data: Run 2

......... CS' LO -
s==== CS, NLO 4
————— CS+CO, LO 3
——— CS+CO, NLO

4 6 8 10 12 14 16 18 20

pr[GeV]

‘ QCD@Work2014 /16 June 2014

Alexis Pompili (Bari Univ. & INFN)

6/19 |



NRQCD in action: differential xsections

M.Butenschoen & B.Kniehl, PRD84, 051501 (2011)

CO & NLO corrections in g E 1023’2%%57)1,032001 . CDF data: Run2
@ E ;\ ......... CS, LO :
good consistency in the fit of 3 YRS oSN 3
the differential xsections vs. p; L
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LHC data for quarkonium production

Mld-rapldlty double dif‘ferential cross sections Compilation by P.Faccioli et al., arXiv:1403.3970 (2014)
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[ ATLAS, CONF-2013-095; arXiv:1404.7035 (submitted to JHEP) |
i ATLAS, NPB 850, 387 (2011) CMS, PLB 727, 101 (2013) | |
ATLAS, PRD 87, 052004 (2013) CMS, JHEP 02, 011 (2012) | |
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LHC data for quarkonium production

Mid-rapidity double differential cross sections
for the production of 7 different quarkonia as
a function of p, /M (*)

Compilation by P.Faccioli et al., arXiv:1403.3970 (2014)

Shapes are well described by a single empirical

power-law for p,/M >3.

This p,/M scaling behaviour ... :

... common to 5 S-wave & 2 P-wave states V.
with different feed-down contaminations,

suggests a simple composition of processes

dominated by 1 single mechanism.
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ATLAS, CONF-2013-095; arXiv:1404.7035 (submitted to JHEP)
ATLAS, NPB 850, 387 (2011)

ATLAS, PRD 87, 052004 (2013)

CMS, PLB 727, 101 (2013)
CMS, JHEP 02, 011 (2012)
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LHC data for quarkonium production
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LHC data for quarkonium production

Mld-rapldlty double dif‘ferential cross sections :ompilation by P.Faccioli et al., arXiv:1403.3970 (2014)
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Quarkonium Polarization

Polarization is sensitive to the hadroproduction mechanism
and therefore important for the theoretical understanding
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Polarization frames

» The polarization of a vector meson decaying into a lepton pair is
reflected in the leptons’ angular distributions, specified in terms /7m

g
.
-

of spherical angles 8 & ¢ for p({”) in the meson rest frame <™~ . ..
plane —~—

2 To define these angles a polarization frame must be chosen:

@ : polar angle w.r.t. the spin-quantization axis ()

¢ : azimuthal angle w.r.t. the x-axis that lies, together with z-axis,
in the collision plane defined by the momenta of the colliding
hadrons boosted in the Q-frame

» Not unique choice of polarization z-axis

8/19 |
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Polarization frames

» The polarization of a vector meson decaying into a lepton pair is
reflected in the leptons’ angular distributions, specified in terms /7m

g
P
-

of spherical angles 8 & ¢ for p({”) in the meson rest frame <™~ . ..
plane —~—

2 To define these angles a polarization frame must be chosen:

@ : polar angle w.r.t. the spin-quantization axis ()

® : azimuthal angle w.r.t. the x-axis that lies, together with z-axis,
in the collision plane defined by the momenta of the colliding
hadrons boosted in the Q-frame

2» Not unique choice of polarization z-axis £» 3 conventional reference frames:

2 center-of-mass helicity axis (HX): z,,
flight direction of the quarkonium in the c.m. frame of colliding hadrons

» Collins-Soper axis (CS): 2z e e \
direction of the vectorial difference between the / \
velocity vectors of colliding hadrons in the Q-frame b, b

! quarkonium

e
frame

» perpendicular helicity axis (PX): zp,
direction of the vectorial sum of the velocity vectors of colliding hadrons in the Q-frame

8/19 |
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Angular decay distribution

» The most general 2D angular distribution W for the dileptons from the decay
of vector mesons is specified by 3 polarization parameters 44, 4;, A,

d°N 1 . :
= o (1 + Ay cos” B+ A, sin” Ocos2¢ + Ay, sin 26 cos (/))
d(cosO)dy 3+ A,
|
> Two extreme Transverse 2 transverse )Lg =+1 1 2
angular decay  Polarization J. = =1 states 2,=0, A, =0 = W Z(HCOS 6) t II

distributions:

Longitudinal J =0 1 longitudinal )LH =-1 1 , I
Polarization ¢ state h =0, Ay, =0 ) WocE(l—cos 0) \

-

“Natural” polarization axis (for instance z,;, ): ® azimuthal angle distribution is symmetric : )L¢ =0, )L0¢ =0
» A, is maximal

>
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Angular decay distribution

» The most general 2D angular distribution W for the dileptons from the decay
of vector mesons is specified by 3 polarization parameters 44, 4;, A,

d°N 1 . :
= o (1 + Ay cos” B+ A, sin” Ocos2¢ + Ay, sin 26 cos (/))
d(cosO)dy 3+ A,
|
> Two extreme Transverse 2 transverse )Lg =+1 1 2
angular decay  Polarization J. = =1 states 2,=0, A, =0 = W Z(HCOS 6) t Ix

distributions:

Longitudinal J =0 1 longitudinal )Le =-1
Polarization

2 state A =0, A, =0 — Woca(l_COSZH) \ I

-

“Natural” polarization axis (for instance z,;, ): ® azimuthal angle distribution is symmetric : )L¢ =0, )L0¢ =0
» A, is maximal

L : - : : o,-20
» Ay measures the degree of polarization w.r.t. the spin-quantization axis; theoretically ... Ay=—"1—2=L

where o, /o, are the xsections for the 2 transverse states /1 longitudinal state). or+20,
f

Each CS and CO term has
a specific polarization: <
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Angular decay distribution

» The most general 2D angular distribution W for the dileptons from the decay
of vector mesons is specified by 3 polarization parameters 44, 4;, A,
d’N 1
= o
d(cosO)dy 3+ A,

(1 + Ay cos” B+ A, sin” Ocos2¢ + Ay, sin 26 cos q))
> WOCi(1+00526) t 1

‘\,)% =0, 4, =0 ]

2 Two extreme Transverse J 4] 2transverse A=+l
angular decay  Polarization z = states
distributions:

Longitudinal J =0 1 longitudinal )L@ =-1
Polarization - state A =0, A,

[y WOC%(l—cosZH) \ I

-

“Natural” polarization axis (for instance z,;, ): ® azimuthal angle distribution is symmetric : )L¢ =0, )Le¢ =0
» A, is maximal

L : - : : O, -20
» Ay measures the degree of polarization w.r.t. the spin-quantization axis; theoretically ... A, =—L — "L
where o, /o, are the xsections for the 2 transverse states /1 longitudinal state). Or+20,
4 ®» cSs": 4, =+1@LO & A,=-1@NLO [longitudinal] )
Each CSand COterm has | ==~ " o T e
. . >» Co 'S A,=0 @LO,NLO, etc. [isotropic]
a specific polarization: <
> CO °S™: A, =+1 @LO,NLO, etc. (@ highp,) [transverse]
1 0 T
\ \_ » CO°P¥: A, =0@LO & A,=+1 @NLO & highp, ["hyper-transverse"]j
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Frame (in)dependence

» Different choices for the polarization frame can be obtained by a relative y-rotation of the
collision plane (in the Q-frame). The angular distribution has the same form but with different

polarization parameters, i.e. the observed polarization depends on the frame ! [raccioliet al,,
EPJ C 69, 657 (2010)]

/ IZHX I;Léfx —+1 A;IX =+1“‘§ ]ZHx

" For instance, after a 90° rotation ...
... 2 very different physical cases
are indistinguishable if onlyA, is
measured (both have A, = +1)
while )L¢ is integrated over!

Aot AT

| g

N\ .
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Frame (in)dependence

» Different choices for the polarization frame can be obtained by a relative y-rotation of the
collision plane (in the Q-frame). The angular distribution has the same form but with different

polarization parameters, i.e. the observed polarization depends on the frame !

" For instance, after a 90° rotation
... 2 very different physical cases
are indistinguishable if only A,is

measured (both have 4, = +1)
while )L¢ is integrated over!

\
\,
N,
s

/
AS =-1

Zcs
A8 =0

N2

Isz

/

[ Faccioli et al.,

EPJ C 69, 657 (2010)]

A =+1

LA HX _
A1

A =+1

=0

/

\_

3

I Z1x

—/

Jb

A

Polarization can be fully determined when ...
... both the polar and azimuthal components of angular distributions are known, or ...
... a single polarization parameter is measured in at least 2 complementary polarization frames

On the other hand ...

... being the shape of the angular distribution frame-independent, it can be A +34
characterized by a frame-invariant combination of the parameters such as... |[A= #
T
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Frame (in)dependence

» Different choices for the polarization frame can be obtained by a relative y-rotation of the
collision plane (in the Q-frame). The angular distribution has the same form but with different

polarization parameters, i.e. the observed polarization depends on the frame ! [raccioliet al,,
EPJ C 69, 657 (2010)]

Zhix ("~ HX HX h ¥ 4
" For instance, after a 90° rotation ... | / I ;lg =+1 ),0 =+1 I HX
) very d_iff.eren.t physi§al cases 265 _ 1 )fo _ 1 )fo -0
are indistinguishable if onlyA, is G -

measured (both have 4, = +1)
while )L¢ is integrated over! Zcs

) cs
N w0
3L

A

Polarization can be fully determined when ...
... both the polar and azimuthal components of angular distributions are known, or ...
... a single polarization parameter is measured in at least 2 complementary polarization frames

T

L)

>
Il
|
p—
~
Il
+
p—

On the other hand ...

... being the shape of the angular distribution frame-independent, it can be A +34
characterized by a frame-invariant combination of the parameters such as... |A = #
T

‘ QCD@Work2014 / 16 June 2014 Alexis Pompili (Bari Univ. & INFN) 10/19 ‘



Polarization measurements

2 Ay, A, and A are measured in 3 different frames (HX,CS,PX) for 5 S-wave states
as a function of the transverse momentum p, and rapidity y

2 Only dimuon decays are considered : 3» they provide a particularly clean signature

x10° PRL 110, 011802 (2013)

3 they are easier to be reconstructed and triggered on

= 50 ; . PLB727,382(2013)
s [ Yas) - v cus
T #ﬂ‘ pp \s=7TeV = Jhy PP Vs=7TeV
8 a0l ‘ L=49M" N _ 1
- | 12 =4/
2 40 ‘ dr 2" 18<p, <20 Gev L=491b
§ - “ | o lyl<0.6 & ol lyl<0.6 — Signal+background
[§] 30 ; |.' . e 06<lyl<t2 C - - Background
L % J 8 :_ | Signal region
.‘ ! Sideband regions
L Y(ZS ) 6l
“t A i
! AYes) ia
- I » Lo\ r
10 15 YA e T Y U ettt
I S }g?‘" C
L w@ﬁ‘ o o B ; ey PO T
o~ | M| 2.85 29 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3
9

>

PRI Nt s e
10.5 "

Dimuon mass [GeV]

M [GeV]
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Polarization measurements

>

as a function of the transverse momentum p, and rapidity y

Ag>2ys g, and A are measured in 3 different frames (HX,CS,PX) for 5 S-wave states

2 Only dimuon decays are considered : 3» they provide a particularly clean signature
3 they are easier to be reconstructed and triggered on

An additional non prompt component (decays of B hadrons into J/y, y(2S)) is taken into account

x10° PRL 110, 011802 (2013)

————————————————————————————————————————————————————————————————

-
> 50 Vg ,  PLB 727,382 (2013) - S
@ Y x10 E AN
= B \”‘ cms 1 %’ 14— CcMS é’ - Jhp cMs “
| = =
g | Y(IS)#]\‘ pp \E=7TeV 2 [ o PP VS=7Tev 3 18.<p, <20 GeV Epﬂf’fb_,”ev i
& 4of- Hr ey | 20 18<p_<20Gev L=don” §'0¢ <08 i
2 B 1 & r T o F 1
E | 5 1Y1<06 g F _s
g ‘ ‘ o lyl< : @ 40 o |Y| <06 Signal+background v _ sum :
o a0l ] e 06<lyi<1.2 1 [ -~ Background . -~ Prompt 1
L % J : s | Signal region 10 --- Nonprompt :
B .‘ : C ! Sideband regions -- Background :
- . Y(2S) 1 6 1
20— f\ 1 [ 2 :
B 1 N
- ] fy Y(3S) e = :
B “‘ ‘ ) \‘v : - ]
10 18 I e S I AN S PR i i
! ! X}’ bl |
. \ oF : tdameberan 10F . L !
ol L Ll | SRR M 28 29 295 3 305 31 315 32 325 33 0.5 1 1. 2 ¥
9 9.5 10 10.5 11 \\ M [GeV] Pseudo-proper lifetime [mm] /
Dimuon mass [GeV] N N e e e o e o o o i -
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Polarization measurements

> ).H,JL¢,)LQ¢ and A are measured in 3 different frames (HX,CS,PX) for 5 S-wave states
as a function of the transverse momentum p, and rapidity y

2 Only dimuon decays are considered : 3» they provide a particularly clean signature
3 they are easier to be reconstructed and triggered on

An additional non prompt component (decays of B hadrons into J/y, y(2S)) is taken into account

x10° PRL 110, 011802 (2013 .
> son ' (2013) " s PLB727,382(2013)
L ®
s [ Yas) . { 3°F cms
T I # PP \5=7TeV [ N PP VS=7TeV
8 a0l 4 L=49" I~ a0y
;- 40» | Jr : % - 18<DT<20GeV L=49fb
§ r “ | o lyl<0.6 : & ol lyl<0.6 — Signal+background
[§] 30; |.'| e 06<lyl<t2 1 C - - Background
L % J : sl i Signal region
i .‘ : L ! Sideband regions
i f LY QS) -
| i C
L ] -
h\ 1 -
: ! a v YGS) -
- I 13 | ol L
10 14 fﬂ& T e T A
: S b §
ﬁwf% \ == . e TS O SO
)] S————— | P | I | it Tou ‘\ 2.85 29 295 3 3.05 3.1 3.15 3.2 3.25 3.3
9 9.5 10 10.5 " S M[GeV]

Dimuon mass [GeV] L —————

————————————————————————————————————————————————————————————————

—_
©xn
TTTIT T TT

Jhy CMs

pp Vs=7TeV
18<pT<20 GeV L=49 "
lyl<0.6
v — Sum
--- Prompt
--- Nonprompt

-- Background

\\\\

0.5 1 1.5 2

2> Photons & pions from the feed-down transitions have low energy : difficult to be reconstructed
and associated with the dimuon pair in order to separate feed-down and direct production

> Precise knowledge of efficiencies are needed to avoid introducing artifical polarization:
they are data-driven and accounted on an event-by-event basis

B ———
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A CMS measurement for S-wave states

15FCMS pp Vs=7TeV L=49f5' 4 )
1 )
A% i a . ligs @
PHRE—— 1N PR - TUT S —
O05F + 1
o Y(1S),1y1<0.6 | ¥(28), lyl < 0.6 Y(3S), Iyl <0.6
15F ¢ Stat, uncert,68.3% CL s CS
U Tot. uncert,, 68.3 % CL o HX
1§ Tot. uncert., 95.5 % CL o PX
- Tot uncert, 99.7 % CL l
205t H L
%
M1 L A I $ ll T l """"" {1 S &
05} 4 4 .
Y(1 S), 06<lyl<1.2 | Y(ZS), 06<lyl<1.2 | ) Y(3§), 0.6<lyl <12

0.5

-0.5

0.5

-0.5

PRL 110 011802 (2013)

1015202530%404510

P, [GeV)

1520253)354045

10 15 20 25 30 35 40 45

p, [GeV] P, [GeV]

T
'

CMS pp Vs=7TeV L=49fb"

%+°}+++++* ......... + ........

PLB 727,382 (2013) | /1/} Iyl <06

oPX

CMS pp Vs=7TeV L=49fb"

Jhp 06<lyl<1.2

Ps)_ree

oCs
oHX
OPX

P(2S) 06<lyl<1.2

20 30 40 50 60

70

p, [GeV]

20

30 40 50

Total uncertainties are dominated by :

» systematics at low p;
(bkg model, u efficiencies)
D low statistics at high p,
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A CMS measurement for S-wave states

1.5

A’O.S-
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<
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054
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-0.5

15}

PRL 110, 011802 (2013)

LCMS pp Vs=7TeV L=49f'+

..........

Y(1S), 11 <06 |

¢ Stat, uncert, 68,3 % CL

= CS
N Tot uncert., 68.3 % CL o HX
Tot. uncert., 95.5 % CL s PX

Tot. uncert,, 99.7 % CL

_Y(1$), O.6<Iy|< 12 |

‘Y(2§), 06<lyl<1.2 |

..................

¥(3S),0.6<lyl <12

10 15 20 25 30 35 40 45

P, [GeV)

10 15 20 25 30 35 40 45
p, [GeV]

10 15 20 25 30 35 40 45

-

%+q}+++++* .......

-
&
Lo

&
—?—
B

CMS pp Vs=7TeV L=49fb"

PLB 727,382 (2013) | /1/} Iyl <06

| CMS pp Vs=7TeV L=49fb"

Jhp 06<lyl<1.2

-

P(2S)

Ps)_ree

P, [GeV]
oCs
oHX
OPX | 1
.-%’] .............

oCs
oHX
OPX | 1

06<lyl<1.2

20 30 40 50

60 70 20

p, [GeV]

30

40 50

Total uncertainties are dominated by :
» systematics at low py

(bkg model, u efficiencies)
D low statistics at high p,

Good agreement among
A values in the 3 ref.
frames shows that the
results are consistent
(no hint for biases) !

No evidence of strong longitudinal
or transverse polarizations has been
observed for all the 5 S-wave states !
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Ay Ay A0, : CMS measurement for Y (nS) states

HX frame

|y|<0.6

0.6<|y|<1.2

PRL 110, 011802 (2013)

I
]
v T L] T T L] T T L) Ll T T L] T T L] T I T v T L] T T L] T T L] L] T T L] T T L] T
1t Y(1S) Y(2S) 1 Y@3S) 11 ! Y(15) 1 Y(2S) 1 Y(3S) 1
1
05F L 1 05t ] l 4 l I ]
iy i 1y ! g | I i I t 1 1
Ay OF- | U UUNURN DRSNS | | B U FURURN SRR 1 e N o S :)\ﬂo.ll.l...l ...................... | R o SR I ...........................
5} : 05}
AFCMS pp Vs=7TeV L=49f'+ HX frame, lyl <06 : AFCMS pp Vs=7TeV L=49fb'+ HX frame, 0.6 <yl <1.2
A s e L I T L et L L
Stat, 1,68.3% CL 4 Stat, uncert, 68.3 % CL
04';21 u‘mﬁqg&agt Y(1S) ¢ Y(28) Y(38) | : 04'-;gtume3..g:ggzgt Y(1S) ¢ Y(28) Y(38)
t uncert, uncert,, !
02+  Tot uncert, 99.7%CL : 02+  Totuncer, 99.7%CL 1
.................................................... A b g W
}\,0.--‘ 3 Wi ™ ¥ P w { |)\V am " 5 ¥ Yy » ¥ 'l'.
02} : 22t
1
D4k {1 04
1
_— —— 1 } — +
04} Y(1S) 4 Y(2S) 4 Y(3S) : 04 Y(15) Y(2S) Y(3S)
02 : 02
}‘ 0 'l. ......... ' .............. ' _______ . _________ i ‘ ....... l ......... I}\‘ o..l." [ CETEEEE . ............ .. ...................... bapsscccss . ..................
y ¥ l. ¥ ll ¥ : % Vi ™ { II
42 ] 02 t l
1
D4y ' ] {1 04t
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 2% 30 35 40 45 1 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 2% 30 35 40 45
p. [GeV) p, [GeV) p, [GoV] : p,[GeV) p, (GeV) p, [GeV)
]

Plots of these 3 parameters in the other two polarization frames (CS,PX) can be found in backup slides
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Ay, Ay, Ay, ¢ CMS measurement for prompt y(nS) states

0.5 + + 1 l l
;Lgo---Lmﬁ..ﬁ.--.ef.--F ..... S \J H ........ : ﬂ .............
02 p; G=:7 TeV: L=4:.9 fo! |
CRLLUSEE & S . dg 4’) -------------
.l s

op |1

-0.2F

PLB 727, 382 (2013) Error bars show total uncertainties @ 68.3% CL
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Ay, Ay, Ay, ¢ CMS measurement for prompt y(nS) states

0.2F

O

-0.2F

PLB 727, 382 (2013)

CMS

pp Vs=7TeV L=49fb"

‘ + Tl l
L fo . T H “““““““
Iy | P(2S) .
4 | l}
---:ff-¢;¢--s---f---g----f- --------- — - ﬁ -------------
-yl <0.6 | Y
=06<lyl<1.2 T
~12<lyl<1.5
2.0 3‘0 4b Sb GIO 7[0G VI 2|0 3IO 4b 510
P 1€

The 3 polarization parameters are
measured to be small in the HX frame
under study (and in the other two[*]),
excluding transverse or longitudinal
polarizations, also for the states that
are less affected by feed-down contri-
butions with unknown polarizations
(yw(2S)here and Y'(3S) in previous slide)

[*] Results for the other two polarization frames (CS,PX) can be found in backup slides
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Comparison with other LHC experiments

1 HXframe

Compilation by P.Faccioli et al., arXiv:1403.3970 (2014)

HX frame

= y(nS)

4 CMS, PLB 727, 382 (2013)

—e— J/y CMS, lyl <06
—@— JyCMS,06<lyl<1.2
—o— y(29) CMS, lyl < 0.6
—o— y(28) CMS, 0.6 <lyl <1.2
—o— y(29)CMS, 1.2<lyl <15
—+— J/yLHCb,2.0<y <25
—4— J/yLHCb,25<y <3.0

-1 —4— Jy LHCb,3.0<y <35
4 LHCb, EPJC 73,41 (2013) —4— J/yLHCb,35<y <4.0
: +— JAy LHCb,4.0 <y <45
-+  ALICE, PRL 108, 082001 (2012) —@— J/yALICE,25<y<4.0
L L e B B A N A
0 10 20 30 40 50 60 70
P, IGeV]

2 All LHC results compatible with each other

Y (nS)

_%

CMS, PRL 110, 011802 (2013)

CDF, PRL 108, 151802 (2012)

—e— Y(1S) CMS, lyl <0.6
—o— Y(1S)CMS, 06<lyl<1.2
—B— Y(25) CMS, lyl <0.6
—5— Y(2S)CMS,06<lyl<1.2
—4— Y(3S) CMS, Iyl <0.6
—&— Y(3S) CMS, 0.6 <lyl <1.2
—e— Y(1S) CDF, lyl <0.6

= Y(2S) CDF, lyl <0.6

—+— Y(3S) CDF, lyl <0.6

——
10

20

30

40 50
P, [GeV]

» The polarizations cluster around the unpolarized limit (4, =0, A, =0, 4,, =0 ) with ...

>» no significance dependencies on p,. or y

2 no strong changes from full directly-produced states to those affected by P-wave feed-down decays

» no evident differences between cc and bb
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Comparison with other LHC experiments

1 HX frame Compilation by P.Faccioli et al., arXiv:1403.3970 (2014) HX frame
1 yY(ns) 1 Y(nS)
0.5—_ HHJ % 0.5—_ _l_ —%7—' l
A, 1 A, E— '
0 -  a— I 0 Wi=. t
0 SiTesgedoor-t-- e T - 041 :; I T S S
i . 4
] —e— J/y CMS, Iyl <0.6 ] I -
i — @ JyCMS,06<lyl<1.2 i
0.5 e w2 CMS, Iyl <06 0.5 —e— Y(1S) CMS, Iyl <0.6
=~ —o— y(29)CMS, 0.6 <lyl <1.2 dl —o— Y(1S)CMS, 06<lyl<1.2
_ —o— y(2S)CMS, 1.2<lyl <15 | —— Y(2S) CMS, lyl <0.6
4 —+— J/yLHCb, 20 <y <25 i —5— Y(25) CMS, 0.6 <lyl <1.2
B CMS, PLB 727, 382 (2013) —4— J/yLHCb,25<y <3.0 , —+— Y(3S) CMS, lyl <0.6
-1 —4— J/yLHCb,30<y <35 1 & Y(3S)CMS, 0.6 <lyl <1.2
1 LHCb, EPJ C 73, 41 (2013) e WwLHCh 35 <y <40 17 cwms, PRL 110, 011802 (2013) —e— Y(1S) CDF, lyl iy
- J/y LHCb, 4.0 <y <45 _ 25) CDF, Iyl <0.6
1 ALICE, PRL 108, 082001 (2012) Cm— Vo ALICE, 25y <40 1 CDF, PRL 108, 151802 (2012) hYesooR <08
UL L I L L B | T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50
p, [GeV] p, [GeV]

2 All LHC results compatible with each other
» The polarizations cluster around the unpolarized limit (4, =0, A, =0, 4,, =0 ) with ...
>» no significance dependencies on p,. or y

2 no strong changes from full directly-produced states to those affected by P-wave feed-down decays

» no evident differences between ¢¢ and bb

|L:> suggest that ... » all quarkonia are dominantly produced by a single mechanism

» given the unpolarized result, the dominant contribution must be CO'S}”
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Comparison with other LHC experiments

1 HX frame Compilation by P.Faccioli et al., arXiv:1403.3970 (2014) | HX frame

v (ns) 7 Y(nS)

0.5- | —%%% 1
] HHJ ?
)LH ] ol 1

- '—

T o e 3 —
] —e— J/y CMS, Iyl <0.6
i @ JIyCMS,06<lyl<1.2 19 NS, Iyl <06

-0.5 —O— YOS, Iyl <08 kg

i —o— y(29) CMS, 0.6 <lyl <1.2 i —&— Y( » 0.6<lyl<1.
_ —o— y(2S)CMS, 1.2<lyl <15 | —— zgg gx: 2/I6< (ﬁ 12
4 —+— J/yLHCb, 2.0 <y <25 ] -5 ,06<lyl<1.

] 1 CMS, PLB 727, 382 (2013) —— Jlm LHCb, 25 <y <3.0 i —— Ygg gx: :Jy|6< (:.? .

-1 —4— JIyLHCb, 3.0 <y <35 14— & Y(3S)CMS, 0.6 <lyl <1.
1 LHCb, EPJ C 73, 41 (2013) e A LHOE, 35 <y <40 17 cwms, PRL 110, 011802 (2013) —e— Y(1S) CDF, lyl iy
. J/y LHCb, 4.0 <y <4.5 i 2S) CDF, lyl <0.6
1 ALICE, PRL 108, 082001 (2012) Cm— Vo ALICE, 25y <40 1 CDF, PRL 108, 151802 (2012) hYesooR <08

———— ] ——
0 10 20 30 40 50 60 70 0 10 20 30 40 50
p, [GeV] p, [GeV]

2 All LHC results compatible with each other
» The polarizations cluster around the unpolarized limit (4, =0, A, =0, 4,, =0 ) with ...
>» no significance dependencies on p,. or y

2 no strong changes from full directly-produced states to those affected by P-wave feed-down decays

» no evident differences between ¢¢ and bb

|L:> suggest that ... » all quarkonia are dominantly produced by a single mechanism

» given the unpolarized result, the dominant contribution must be CO'S}”

However... this is not the dominant term in the fit to the xsections ...
... unless only the high-p, behaviour is considered (NRQCD validity domain?)
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Comparison with NLO NRQCD for Y(S) states

Comparison of CMS data 1 pp Vs=7TeV Y(1S 1 pp Vs=7TeV Y(2S
[PRL 110, 011802 (2013)] 19 HX frame ( ) 19 HX frame ( )
with B.Gong et al., 1 lyl<06 1 lyl<0.6
PRL 112, 032001 (2014) 0.5 05-]
[arXiv:1305.0748] ] N . o T
1 s A T L
A s T S, == =i M 0 1
0 — 0 -
0 : ~ ]
0.5 -0.5
i —e— CMS, L=4.9fb’, total uncert. 68.3% CL : —e— CMS, L=4.9fb", total uncert. 68.3% CL
.1—— NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748 .1—< NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

L L IR DL B LA B T T T T T 1T T T L I L L LR T T T T T
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
p, [GeV] p, [GeV]
uncertainty bands associated to LDMEs’ errors

CO LDMEs are fit to hadro-production data (CMS included)
combining direct production and feed-down contributions
to Y'(LS), Y (2S) . Extra adjustable fit parameters (LDMEs
of x,,(nP) states) help compatibility with data!
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Comparison with NLO NRQCD for YxS) states

Comparison of CMS data
[PRL 110, 011802 (2013)]
with B.Gong et al.,

PRL 112, 032001 (2014)
[arXiv:1305.0748]

uncertainty bands associated to LDMEs’ errors

1 pp Vs=7TeV Y(IS) 1 pp Vs=7TeV Y(ZS)
17 HX frame 191 HX frame
1 lyl<0.6 lyl <0.6
0.5 0.5 |
] It [T, BERELETE )L 1 . S
A ofttmgE 1 0,
0 " - : ~ ]
-0.5 -0.5 ]
] —— CMS, L=4.9fb", total uncert. 68.3% CL ] —e— CMS, L =4.9fb", total uncert. 68.3% CL
-1- -1—
NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748 1 NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748
LA LA AL A L A A A A LENLIN DL AL L R NNL L BN R DL L RN NN BN N LA RN DL AN BN NN AL A B AL LN L
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
P, [GeV] P, [GeV]

CO LDMEs are fit to hadro-production data (CMS included)
combining direct production and feed-down contributions

‘ J to Y'(LS), Y (2S) . Extra adjustable fit parameters (LDMEs

of x,,(nP) states) help compatibility with data!

~a Assuming that the unknown yx,,(3P) feed-
down is negligible ... the polarization of Y (35)

| ppis=7Tev. Y(3S)
19 HX frame PP ~q
e DX SR e S —
] lyl < 0.6 l/ P N
0.5 A \ /
i oS f * 7!
A % 7 “ ~> ‘ ¢’<,
0 SN == S
4 .. TTEE=== So
| ~
RS
-0.5-]
] —e— cMS, L=4.9fb", total uncert. 68.3% CL ’ 8
n can’t be explained.
NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748
L LA B R S B U ELELEL IS NUELELELE BRI R
10 15 20 25 30 35 40 45 50
p, [GeV]

Direct production measurements are needed!
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Comparison with NLO NRQCD for y(nS) states

1 ppVNs=7Tev
1.5: J/I/J

Comparison of CMS data [PLB 727, 382 (2013) ] with
M.Butenschoen & B. Kniehl, PRL 108, 172002 (2012)
+ Priv. Comm. [later in MPLA28, 1350027 (2013)]

HX frame

- 1 Calculations use global fit of CO LDMEs
|{ —®— CMS, L=4.9fb", total uncert. 68.3% CL .
_1_5__ ——— NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027 and private comm. to phOtO' aS We” as hadro-prOdUCtlon data
L (excluding polarization results);
vooB B om0 e predictions only consider direct production

[uncertainty bands associated to LDMEs’ errors]

1_53 pp s =7 TeV w(zs)

HX frame

NLO NRQCD predictions fail to describe
data for y(25) that shouldn’t suffer
from feed-down contributions !

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

NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027 and private comm.
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Summary : puzzles & outlooks - |

2 Strong theoretical preference for NRQCD at NLO !
However... is this the correct theory (@what order in og,v )?
Or ... what is its validity domain?

» Xsections measurements @ Tevatron & LHC are dominated by color-octet production.
The Q0 bound states are preferably formed by two heavy quarks of ...
> different colors (rather than in an already color neutral configuration)
2 smaller relative angular momentum and spin

2> Measurements @ Tevatron & LHC show that no relevant longitudinal or transverse
polarizations are found for S-wave states. Puzzle: disagree with NRQCD predictions.

» Discrepancy between theory and experiment w.r.t. polarization deserves further
investigation both theoretically and experimentally.

Theory-data comparison can be reconsidered including polarization data in global
NRQCD analyses of production.
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Summary : puzzles & outlooks - Il

» It's essential to measure production xsections and polarization to the highest attainable p,,
thus testing the validity domain of NRQCD.
Higher energy & luminosity increase [ LHC Run2 (2015-16)/ 13 / 100fb* ] will allow to
extend the p;-reach of quarkonium studies with very small uncertainties.

CMS has not yet fully exploited the potential of the 2011 & 2012 datasets!
Indeed there are new results with Runl data foreseen within this year.

» It would be very useful for future measurements to separate
the feed-down contributions from direct production contributions.

2 Challenging measurements of production & polarization for the )., and ),
P-wave states would provide valuable additional tests.
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CMS diff. xsections measurement for prompt y(nS)

ydS)

prompt J/y— u* u, corrected for acceptance

CMS, JHEP 02, 011 (2012)

Y(2S)

prompt y(2S)— u* u, corrected for acceptance
T T T T T

—&— 0.0 <lyl <1.2 (x25)
—B8— 1.2<lyl < 1.6 (x5)
—o— 1.6 <lyl <2.4 (x1)

prompt NLO NRQCD

| IIIIIIII—

| IIIIllll

| IIIIIIII

Th

| IIII[[I|

I

6 78910

i
Il
i
i
—~ — T T | T T | T T T — I — |
— L X 1 I — 1 0 — 1
(&) 3 —On CMS Vs=7TeV L=37pb I (&) = CMS Vs=7TeV L=37pb
- 0 - —OH — -~ =
> 1 = S —6— 0.0 <lyl < 0.9 (x625) 3 I > -
[} - NN N —B— 0.9<lyl <1.2 (x125) 3 I (O} ﬂa%
Q] B o ros o 1.2<lyl<1.6 (x25) | N O] K VNN
X a2l FO**%, O —%— 1.6<lyl<21(x5) | : =~ AN
-8 10 = O, t - 21<lyl<24() 3§ -8 1= —o NN
~ E i < Q prompt NLO NRQCD . i ~ E O
> - o S - ! > -_% it O
T_ 10 B, O _ : T_ - -
= f SIS 1 1 510 o R
o 1 SN - 1 g - S
o g = , o , 3 1 > -
o] = Saat wnweawy - i o) ~ 5
0107 N S | J107F —t—
- = : - |
- AR T -
-2 — — ! —
10 = Luminosity and polarization 3 : Luminosity and polarization
— uncertainties not shown I 10-3 —uncertainties not shown
oo | I L ! I m I E | 1 1 ! |
I
i
i
i
1

Reported values offset for better viewing. NRQCD predictions by Y.Q.Ma et al., PRL 106, 042002 (2011)
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CMS differential xsections measurement for Y'(nS)

10§I!I[lllll||I|T|f|[||lI|I|I|TI[I[IIlIIII‘ITIIlIIII

CMS, PLB 727, 101 (2013)

Q E g ;.\\ :[ T ‘ T | T | T | L | T ‘ L I TTTT | ‘: : _[ TTT | TTTT | LI | TTTT | TTTT [ TTTT | TTTT | T l_
<§ - CMS \s=7TeV,L=36pb"] § i CMS (s=7TeV,L=36pb’| & 1- CMS Vs=7TeV,L=36pb'-
0 1= —i— CMS data = g —— CMS data E % B —— CMS data ]
O] E B NLO NRQCD SN O] C NLO CSM 10 40 NLO CSM 7
SO NLO CSM 110 I NNLO* CSM - =10 ¢ 7 NNLO* CSM E
€ 10 o e maized) 2 — PYTHIA (normalized) | 2 © PYTHIA (rormalized)
~ C CEM ] ~ CEM 1 7102 E =
= 102- M CASCADE 1 =10%¢ W CASCADE E 21 0 : I CASCADE :
= R SRCIIN ]
M, 3l 1A 3 ] 107 ¢ E
x 10°¢ @ 20 ®) =% F :
> - 1 >~ r 1 > 41 __
- 1o S 10*E Y(3S) E
2_1—10'4 = Y(1S) 3 oHotE  Y(29) T a5 F WYl E
S & Y 10 g Y 10 . yil<2 .
= oo ly'l<2 1= C ly'l<2 1 ¥ 105
O 10-5 L _\‘b 10.5 L (\lb E
R e © 'Y oE ©
Co b b b b b b b b L Cooa v oo bvr o b bvoa b v by 10-6\I\I|III\|\IlI|I\I\|l|||[|\|l|||||||j
0 5 10 15 20 25 30 35 40 45 50 0O 5 10 15 20 25 30 35 40 0 5 10 15 20 25 Y30 35
pY (GeVic) pY (GeVre) pY (GeV/c)
NLO NRQCD predictions by K.Wang et al., PRD 85, 114003 (2012) + Priv. Comm.
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Polarization frames details

Three of the different conventional reference frames are:

2 center-of-mass helicity axis (HX): z,,
flight direction of the quarkonium in the center-of-mass frame of the colliding hadrons
(= direction of the boost vector required to go from the Q-frame

to the center-of-momentum frame of the colliding hadrons)

> Collins-Soper axis (CS): z.
bisector of the angle between colliding beams (as in figure);
(= direction of the vectorial difference between the velocity

vectors of colliding hadrons in the Q-frame) quarkonium
| e
frame

2 perpendicular helicity axis (PX): zpy
direction of the vectorial sum of the velocity vectors of colliding hadrons
(= direction of the boost required to go from the Q-frame to the frame in which

the quarkonium momentum is perpendicular to the axis of the colliding beams)
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Frame dependence

A different choice for the polarization frame can be obtained by a rotation (about the y-axis)

of the collision plane (in the Q-frame) [or, alternatively, a relative polarization frame rotation]

Example (*) : consider a 90° rotation: it is of physical relevance since Zyx L Z-¢ when (P.|<< Py
EXample s

AN =-1 &

I

’i
ul
A 4

-

=

/\

Zcs

.v.

)LéHX =+1 T:'

[ high p; & mid rapidity ]

THx )Lq,bHX =-1

_—1 natural axis

N

.}’

'

A =-1

natural axis

1CS
2 =0

A fully longitudinal natural polarization [ A, =—1] translates, in a rotated polarization frame,
into a fully transverse polarization [ A, = +1] with a maximal azimuthal anisotropy [ A, =-1].

The angular distribution has the same form but with different polarization parameters,

namely the observed polarization depends on the frame |

(*) Faccioli et al., EPJ C (2010) 69
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)Lg,)t ,A&p CMS measurement for Y(nS) states in the PX frame

PRL 110, 011802 (2013)
/<06 ! 0.6<|y[<12
I
:
't Y(1$)1 ¥(25) YEs) 1 1 Y(15) ¥(25) " Y(39)
i ] i ol
"I oo M 0ol e TR
Ay OF - Bl i )‘00".".‘"' .................. 11 O DR RN | | DRI SR SR
I
05 1 05}
I
AFCMS pp VE=TTeV La=dgtt' PXtrame, lyl <06 1 I 1FCMS pp Vs=7TeV L=49f' 1 PX trame, 0.6 <Iyl <12
N SR s et Canaeaaan st L e ves A [N FOUUOUTUOESOUOTSOUOTTUUOTOUUUTOUSTIUUN ITUUOTTUUUIUOTTOUUTFOUOT VST IVURTTOUOE TUUOTTUUOTTOURTSUUOTOUOTTOVRIOOOY
04} oL uncer sban e Y(19) ¥(28) ¢ YES){ | oaf S et ssancl y(qg) | ¥(2$) | Y(35)
Tot, uncert, 95.5 % CL 1 Tot, uncert, 95,5 % CL
02 Tot. uncert, 99.7 % CL 1 02 Tot. uncert, 99.7 % CL
I
Ay Oparar oo U Wawow ¥ LI . """"" : N O L I LU ¥ "i"i"".' """"  p—
02} 1 02t
I
04} 1 04} L
bt e e 1 —— - e
0} Y(1S) Y(28) YES){ | oaf Y(1S) Y(25) Y(39)
I
02 . | 02 | i
I
}Wo.....'..l... ....... [ " . S LI II.I ....... | ! }‘m°"l".""" ....... i...... % gD R ..I.l.l‘.! ...... R
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I
24} : Qa}
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'
\ QCD@Work2014 / 16 June 2014 Alexis Pompili (Bari Univ. & INFN) Backup-5




)Lg,)t ,A&p CMS measurement for Y(nS) states in the CS frame

PRL 110, 011802 (2013)
|y|<0.6 : 0.6<|y|<1.2
i
Y T T T T T T I T T T Y Y T T T
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05 1 os)
i
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L — :::::‘::‘::c e —t
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Relative production rate of x,,(1P)and y,,(1P)

2> First measurement @ hadron colliders
of this production cross section ratio

(corrected for the ratio of the branching fractions): G(sz (IP)) : B(X”Z (IP) = Y(18)+ )/)

U(Xbl(lp)) B(Xbl(lP) — Y (15)+ y)

> :I LNLENL IR L L L L L L L L LB |: ,; ,; 12 T T L L B

0220 — N 7

= :11 QeV < p(¥) <16 GeV \ CMS Preliminary ] T T L .

11 GeV < < eV s - 5 L i

2200F P; pp, /s =8TeV : S EaN CMS Preliminary |
. F r ] oo 1

$180[- L=20.7fb o };} i pp (s=8TeV i

|JJ1 60 :_ _: [} \6 - L =20.7 fb-1 .

o ] 08— =

140} [ = i ]

1201 = 0.6 ]

100F - i _+_ + + il

80F- | = 0.4 } -

60 N4 el 1141 - ]

- : ‘+ 1 {, . N ly(Y)I< 1.5 ]

40 _ { ! % 0.2— ny)l < 1 —

| 1 Unpolarized ]

20F A CMS-PAS-BPH-13-005 P 1

T b by br-en P Loy b b e P RN AR AT F T T

8.7 975 98 9.8 99 995 10 10.05 10 0 10 15 20 25 30 35 40

My ey [GeV] pT(Y) [GeV]

Photons reconstructed by conversions into electron-positron pairs, thus
allowing enough mass resolution to resolve the two peaks (20MeV difference)

> Ratios w and M [CMS, EPJ C72, 2251 (2012)] can be useful to fix the color-octet LDMEs
o(x,(1P)) o(x.(1P))
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> pT is the momentum transfer in the A-B collision;

when A and B are hadrons ... P, denotes the quarkonium transverse momentum

2 Rapidity ¥

The rapidity y is a generalization of velocity BL = pL/E:

1 1 + B, 1. E+ppL
= arctanh = —1In
vo= Pr = -B, 2 E-pp

2» Pseudorapidity

2 cos?

E+pcosﬂ p>m 1 1 1 +cosd
2 sin?

1
S = —1
E pcos v 2 n1—(:0819/ 2 .

y:

cos(2a) = 2cos’a — 1 =1 — 2sin’ a

(SS9

|

beam axis




