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Outline

Brief review of issues with quarkonium production
Upsilon polarization
X, states

Some topics omitted for lack of time:

— J/ and (2S) cross section and polarization
— %, States
— X(3872)
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Basic Issues

Understanding the production cross section has
been a long road.

The quarkonium acceptance depends on the
polarization at production.

The determination of the polarization has been
tricky, with unknown feed down, and inconsistent
results.

This has limited the precision of the production
cross section measurements.

Cross section alone has limited power to
discriminate among theoretical models.



CDF J/¢ Cross Section

CDF Run | — Phys. Rev. Lett. 79, 572 (1997)

* Run | measurement = 0% gfggoﬂ L,W%Mgm% e
— about 18 pb! ; . _ priofﬂ‘;t w/(gS%(Srouchlcotoon
— non-prompt prod. estlmated; ; o . o Prompt J /4 ]
from displaced vertices > ;_ ° o aPrompt w(?s)‘?
* x30 not explained by :; ”{;
— structure functions <10 ¢ X3
— secondary production rI; 1"—2—
— feed down from ., % 1 3—45_
e Ysystem is “easier” 0 Ly w( 3552@?&?.;??0(

07 4 6 8101214161 dzO

— no secondary component
ycomp P.(V) [CeV/cl

— calculations more reliable
for heavy quarks Prompted theory beyond CSM
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CDF Y(nS) Cross Section

o R un | measureme nt . CDF Run | — Phys. Reuv. lIu_aett. 75, 4358 (1995)
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g b * Excess is a factor of a few.

M(w'p™) Gev/c?

 Still significant.
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Y(1S) Polarization in Run |

. Different feed down
........................................................................................................................................... | @SSUMPLIONS N Ky
................................................................................................................................................................................... Ca|cu|ations:

................................................................................................................................................................................. Xb dewys preserve mIariza.h'or.]
¥, decays destroy all

polarization

No strong polarization
observed in Y(1S) decays

1 1 I | I T | L1 L1
30 35 40
P, of Y (1S) [GeV/c]

» What happens at high p;?
CDF Run I: Phys. Rev. Lett. 88, 161802 (2002).
NRQCD: Phys. Rev. D63. 071501(R) (2001). i Feed down from y;, states?

-factorization: JETP Lett. 86, 435 (2007). Presumably less feed down
NNLO*: Phys. Rev. Lett. 101, 152001 (2008). for Y(2S) and Y(3S) states
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Y Polarization from D@ in Run Il

Similar analysis

technique:

» Fit u™u mass distribution

CDF data |y|<0.4 to get Yyield in bins of
cos 0

» Correct for detector
acceptance

> Fitto1+ acos? 6

30 35 40
[ of Y(1S) [GeV/c] i ]
Results are inconsistent ...
DO Run Il: Phys. Rev. Lett. 101, 182004 (2008).
CDF Run |: Phys. Rev. Lett. 88, 161802 (2002).
NRQCD: Phys. Rev. D63, 071501(R) (2001). ...why?!?

/k7-factorization: JETP Lett. 86, 435 (2007).
NNLO*: Phys. Rev. Lett. 101, 152001 (2008).
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Feed Down from Higher States

] XbJ(lP )
10.50 3 — g
y(C2D) 2
__1025 G1D) | g
- :
3

Bottomonium
family

9.50 CDF Run | - Phys. Rev. Lett. 84, 2094 (2000)

(0,1,2)** (1,2,3)"
1 2

> P-wave states feed down to S-wave states and can influence
polarization measurement.

» Need feed down fractions to account for effect.
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Suggested New Paradigm

* Angular distribution for decays to fermions:
dI’

ds

Faccioli et al. PRL 102, 151802 (2009)
* A pure state cannot have all A = 0 simultaneously.

 Measured values can depend on det. acceptance

e Use of different ref. frames could help check
acceptance corrections

* We need to measure more than just A,/

14 January 2013 R. Harr
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Need for full polarization analysis

n L]
| | — | | —
ransverse. a, = ongiiudinal. a,, =
. 0 - +1
In[g]:= SphericalPlot3D I in[s]:= SphericalPlot3D [
1e: o17. {a% ->1, a; » -Sin[x/2]
a1e, o1 7.{a% | ->1, a; = (L+Cos[x/21)/2, gtere 31 1w ommin

out[8]=

» The templates for dN/d€2 are more complicated than
simply 1 £ cos?6

» Need to measure A, 4, and A, simultaneously

» Check invariant A = (4, + 34)) / (1 — 4)) w/2 frames
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Entries per 10 MeV/c?

Entries per 10 MeV/c?

The CDF Upsilon Sample

CENTRAL-CENTRAL

|||9'5||||10||||70.5||||11||1|11.5|
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mm_
©

CENTRAL-FORWARD

II III IIIIIIIIIIIIIIIIIIIIIIIIII

m(u'w) (GeV/c?)

 Two triggers used:
— central u*u pair (CC)
— central-forward u*u (CF)
e Rapidity coverage:
—C: [n(u)] <0.6
—F: 062 |n(u)| <1
* Good signal separation
— 0, =5 MeV/c?
* Yieldsin 6.7 fb-1:
— Y(1S) 550,000
— Y(2S) 150,000
— Y(3S) 76,000



Analysis Method

Measure distribution of (cos 6, ¢) for all u*u pairs in
Upsilon signhal regions

Measure same distributions in background regions.

Observed distribution depends on physics dist.

modified by the detector acceptance:

N
eV ~  fsAs(cosO,p) X ws(cosh, p; As) +

dS?
(1 — fs)Ap(cos b, @) x wp(cos b, g; Ap)
A(cosf,¢) determined from MC for sig. & bkg.

w(cosf, @) ~ 1+ Agcos?  + Ay sin® 0 cos 2¢ + \gg sin 26 cos ¢
Fit for Ag, Aj, and Ay, in both components.



Analysis Method
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 Two components in each mass range: signal + background
)\observed — fsig)\sig =+ (1 — fsig))\bkg
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14 January 2013

Fitted Parameters

SH frame, 2<p_(p'w)<4 GeV/c

Y(2S) background

Y(1S) background
Y(3S) background

||||’||II|III[

Signal and background
have very different
angular distributions.

Background is highly
“polarized” but the signal
IS not.

R. Harr
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Consistency Tests

CDF Run Il Preliminary, 6.7 b~

S—channel helicity frame
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It can be shown that
the expression

%= (h +34) /(1 - )

Is the same in all
reference frames.

We observe that
indeed it Is.

17



Frame Invariance Tests

CDF Run Il Preliminary, 6.7 fb ™"

5 a -5

— [ o\ on

~ 4= —CS frame ~ = ~ 40

N [ ~ ~
- — SH frame -
3+ 3 34
2l 2l 2
- 15 . L -
Ow —] 0%& @E % = Oliﬁ —r—
_1—IlllllllIIIIIIIllllllIIIIIIlllllllIlIII _1—IlllllllIIIIIIIllllllIIIII;lllllllIlIII _1IlllllIIIIII]lllllllllllllllllllllIII
4] 5 0 15 20 25 30 35 40 4] 5 0 15 20 25 30 35 40 4] 5 0 15 20 25 30 35 40

Y(1S) P (GeVic) Y (2S) P (GeVic) Y (3S) P (GeVic)

* Differences generally consistent with fluctuation
predicted from simulation

* Difference used to quantify systematic uncertainties
on Ay, Ay, and Ag,
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Results for Y(1S) state

[Y{1S) - Collins-Soper frame | CDF Run Il Preliminary, 6.7 b~
2 1 o 1 2 s
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* Nearly isotropic... what about the Y(2S) and Y(3S) states?
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Results for Y(2S) state

[Y(2S) - Collins-Soper frame | CDF Run Il Preliminary, 6.7 b
o 1r o 1r 2 1
< f < =
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* Looks isotropic, even at large values of p; ...
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First measurement of Y(3S) spin alighment

[Y(3S) - Collins-Soper frame | CDF Run Il Preliminary, 6.7 b
B4 1 g T
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* No evidence for significant polarization.
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Comparison with Models

* Old predictions for A, in the S-channel helicity frame
CDF Run Il Preliminary, 6.7 1o -

s 1
0.8 e
]
7
0.2 N

=
-0.2

-0.4F
-0.6

-0.8
_1 11 1 1 l 11 l 1 11 l | I I |
0 25 30 35 40

[ of Y(1S) [GeV/c]
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Comparison with previous results

CDF Run Il Preliminary, 6.7 tb -

s 1
0.8 o
0. o
0.4 il o ——
0.2 %

01 SN o N FOUUT VNN JEOOOROOROORUSURUSOORRRIIIITN vrrrerrrrroreres FYTrrTPrPTTTPTTTTTTT TP TP TTTTTTTTTTTTTTTSTIT
— EP ;1
L Lpr - S,

-0.4F 5 e

I, Y | ERG————————— . —————————

-0.8
_1 | N | L1 1 1 I L1 1 1 I | I | L1 1 1 I 11 1 |

1 1 | 1 1 1 1
35 40
[ of Y(1S) [GeV/c]

NRQCD - Braaten & Lee, Phys. Rev. D63, 071501(R) (2001)
k; — Baranov & Zotov, JETP Lett. 86, 435 (2007)

Agrees with previous CDF publication from Run |
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Comparison with previous results

CDF Run Il Preliminary, 6.7 1b -

s 1c

08 ...................................................................................................................................................................................
3 ] D,dl'éSU",lYl<1813fb-1

' (PRL 101, 182004 (2008)
0.4 / ..................................................................................
0.2 ‘ A,

| CDF Il new result, |y|<0.6
O SO e A B
0.2 S A
Iy J | E W S—— W— I —————— s I ............................................................

0.6 L] T e kT .......................................................................

_1_lllllllllllllllllllllllllllllllllllllll

30 35 40
P, of Y(1S) [GeV/c]

NRQCD - Braaten & Lee, Phys. Rev. D63, 071501(R) (2001)
k; — Baranov & Zotov, JETP Lett. 86, 435 (2007)

* Does not agree with result from D@ at about the 4.50 level
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Comparisons with newer calculations

CDF Run Il preliminary — 6.7 fb-'

-

_1_I 11 1 I | T | I | I I | I L1 1 1 I | I I L1 1 1 I | I I | I | I

30 35 40
[ of Y(1S) [GeV/c]

Nucl. Phys. B 214, 3 (2011) summary:
— NLO NRQCD - Gong, Wang & Zhang, Phys. Rev. D83, 114021 (2011)

Significant uncertainty
due to feed-down from
states (conservative
assumptions)

— Color-singlet NLO and NNLO* - Artoisenet, et al. Phys. Rev. Lett. 101, 152001 (2008)

14 January 2013 R. Harr
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X, States in Y(1S) + y

N 4 —
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Q40— — Full fit
Y Bkg only
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ATLAS observation g30- | g (/| -- New state
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1405 R u i
120 Converted Photons 5 15 — L
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80F- -
60 4 \ et 10:
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m(“+“-y) _ m(p",u') + m]‘(ks) [GeV] 09_ » l | J I ] I L |
5 10 10.5 11 11.5

ATLAS — arXiv:1112.5154

2
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Summary (1)

Polarizations and feed-down provide important
tests of production models.

CDF measurement of Upsilon polarization
— for 1S, 2S, and 3S states,
— in Collins-Soper and helicity frames, and

— using full 3-D measurement,

Result indicates that production is isotropic, for all
pT and even for Y(3S).

DO measurements of , (3P) state help establish it
as a possible source of feed-down.



Summary (2)

e More effort is needed to
— complete measurements on bottomonium system

* better understand feed-down fractions
* measure the Upsilon cross section
— and extend the techniques to the charmonium system

* handle additional non-prompt production
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12,000 -
11,000 -
10,000 -
9,000 -
8,000 -
7,000 -
6,000 -
5,000 -
4,000 -
3,000 -
Run | 2,000 -

Integrated Luminosity (1/pb)

Tevatron Run I
Integrated Luminosity 11871.03 (1/pb) The end!

New CDF Y(nS) polarization

Preliminary CDF Y(1S) polarization
D@ Y(1S), Y(2S) polarization

(CDF Run 1 Y(1S) polarization)

/Peak L > 400 x 1030 cm—25—1
/ / [ Ldt > 70 x pb~1/week

L —“,

CDF w(2S) cross section
CDF J/y, w(2S) polarization

N
!

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

m Fiscal Year 11 e Fiscal Year 10 a Fiscal Year 09 Fiscal Year 08 = Fiscal Year 07
v Fiscal Year 06 =« Fiscal Year OS5 » Fiscal Year 04 1« Fiscal Year O3 « Fiscal Year 02
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Another Model: “k; factorization”

G(x, uz) — Fy(zx, k2 : ,u2) “un-integrated gluon densities”

M*V_kﬂk /|]€ | p‘&xp

€g€gq
=> Initial state gluon polarization related to 4~

e No need for color-octet terms...
* Predicted longitudinal Y polarization for 7> mig



CDF Measurement

Phys. Rev. Lett. 88, 161802 (2002).

Y 2000 Template distributions for
§ I chory il transverse/longitudinal polarization
5 - T(3S): 584 £ 53 Events 4 strongly influenced by detector
S 1500 - 77 + 3 pb —
€ i i acceptance.
- i Fityieldin8 - e I
1000 bins of cos 0* 4 § Longitudinal
i 7 % 120 |- —
[ : € oo ]
500 - -
[ | sol- i
. - 60 F-ees Transverse T
ol L b b by by g +
8.8 9.2 9.6 10.0 10.4 10.8 11.2 40F

Dimuon mass (GeV/c?)
20

Transverse: 1+cos72 4 1«
Longitudinal: 1—cos72 4 7«

0
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-1 0

1

cosO*

« Observed distribution is isotropic - neither longitudinal nor transverse.
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Y Polarization from D@ in Run Il

2<p;<4GeV/c 10<p;<15GeV/c 0.8 et e et e et e e e e e e et e e e ee e e e e et e e e e e e e et ee e er e r e e eeenens
© 000 [DO. 130" o DO, 1.3 fb™ = .
S 800F™5 ™ data-driven fit | 200 1" data-civen fit e D data ly|<1.8

(o] L L
3 600 - indi=1.11 | 150 %?/ndf=0.93
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50 J NE | oo e
g L 0 S S et CDF data |y|<0.4
8 10 12 14 8 10 12 14 AN et U e ———
Mass(u*i’) [GeV/c?] Mass(u*i) [GeV/c?] ARG

0.2F

< 02— 3) L b)

SR S T B B o B PP

z -

2 0.1} -

c 0.1 i

@
0 L L I-. O L | I..-_ _1_1lllIIllllllll]llllIIlllllllllllllIllll
0O 02 04 06 08 1 0 02 04 06 08 1 0 5 10 15 20 25 30 35 40

|cos@'| |cos®'| pT of Y(1S) [GeV/c]

FIG. 2 (color online). Monte Carlo |cos#*| distributions after

all selection requirements for different « values: —1 (dashed D@ Run I: Phys. Rev. Lett. 101, 182004 (2008).
histogram), 0 (solid histogram), and +1 (dotted histogram). CDF Run I: Phys. Rev. Lett. 88, 161802 (2002).

(a) 0 < py <1 GeV/c, (b) pf > 15 GeV/c.

NRQCD: Phys. Rev. D63, 071501(R) (2001).
k.-factorization: JETP Lett. 86, 435 (2007).
NNLO*: Phys. Rev. Lett. 101, 152001 (2008).

14 January 2013 R. Harr



Other Rotational Invariants

A=A +3 4y /1-Alp

&Run Il Preliminary, 6.7 fo ™'
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This is the part that is invariant

under rotations.
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Bottomonium Spectroscopy

10.50 :H—__—__—;—_:
my(nS) = nlSy sl
T(nS) =n3Sy © | ye1)

> T :
()] —]
hy(nP) = nlP; %1000
(nP) =n3p; %% -
XbJ J Bottomonium
050 [ family
(o,},z)++ (1,2,3)“
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Theoretical Description

Heavy quarks = non-relativistic mechanics
Potential models:

Vo(r) = —5% + br 4 392?77;285(70)362 S5

Vspin—dep — mié [(27%8 QT) L-S + 4O£ST}
Reasonably good empirical description of spectrum and
transitions.

Small 1/m, > Effective field theories
- HQET:  1/mg
— NRQCD: g, v : (MQv2)2 < (MQ‘U)Q < MQ



Bottomonium Spectroscopy
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Color Evaporation Model

* cC pairs produced with 272dc <m<2mdlD must
eventually form a bound state.

| According to those Halzen - Phys. Lett. B 69, 105 (1977)
the cross section for producing any Cc state below < : :
charm threshold is approximatley equal to the cross 10 t
section for producing a free cc pair in the energy inter- E,,.ULg‘oﬁs"
val 3..3.8 GeV: - ! 7
Z)U(PlJsz"’(EC)*X) , 6°F
cc _
3.8
~ _d_o +,.— 2K2 =
! dM(P1+P2‘>.U ot X) 3ct2é'2dM' 6) =
. v e
| T 0T
Fritzsch - Phys. Lett. B 67, 217 (1977)
B s olpp—¢)
f Benm TcHarm
10 ]
* Unable to predict polarization...

| 1

10 102 10° 10°
P (GeVic)
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Color Evaporation Model

T ! |l ] 1 T I ] I i L I T T T T l

do/dpT (arbitrary units)

100 k
10l e
102
- MRS A been scaled...
‘0! 1 L 1 1 1 1 l 1 1 L ) I 1 1 1 1 ]
5 10 15 20
pr (GeV)

Fig. 6. Data from the CDF Collaboration [23], shown with ar-
bitrary normalization. The curves are the predictions of the color
evaporation model at tree level, also shown with arbitrary normal-
ization. The normalization is correctly predicted within a X factor
of 2.2.

14 January 2013 R. Harr

o 4‘-’*1’ - total Compare the
oY overall shape of

the p; spectrum...

Maybe okay?

...but everything has
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Heavy Quarkonium:

14 January 2013

ge(cq)and Y(bb)
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Figure 3 Cross section for e *e ™~ annihilations into hadrons at CESR (CUSB data).

* Very simple system — non-relativistic QM works:
Ein win (x )=(—hT2 2m V12 +V(x))in (x)

R. Harr
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Can QCD Describe Heavy Quark Production?

Comparison with UA1 data at
Einhorn & Ellis: Phys. Rev. D12, 2007 (1975). Vs =630 GeV

Glover, Martin & Stirling: _Z. Phys. C38, 473 (1988). L dO'l LR

dp:

(nb/GeV), ly($)i<2

g
o X
g 9
X
g% q>am€x
q g
i The
observed shape agrees well with the QCD expectations

and the normalisation is within the error associated
with the QCD calculation.

Or not... p, (4} GeVic
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Color-Singlet Production Model

* Production/decay via eT+ eT—:
(/U cyTuclO)=FY/ o lTu

A et
q
v ~ SYIeRO) Flple « R(0)

q
* Production at hadron colliders:

! dé
&é‘g == Oﬂss(Qz,Az)lR(O)|2|,/%|2

dt
g 9

* Matrix elements also predict polarization.



Non-Relativistic QCD

Caswell & Lepage — Phys. Lett. 167B, 437 (1986) Bodwin, Braaten & Lepage — Phys. Rev. D 51, 1125 (1995)
* Expansion in powers of and

* Factorization of different energy scales:

\ J \ )

' Y
- Bound states are “color singlet& &I RRAHYG or MBRED matrix
QCD elements

e Color-octet terms might be really important!
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NRQCD + Color-Octet Models

* Matrix elements tuned to accommodate Tevatron results

Br(T(18) » p'u”) do(pp ~ T(18)+X)/dp, (nb/GeV)

p. (GeV)

Cho & Leibovich, PRD 53, 6203 (1996).

Unknown NRQCD Matrix
Elements adjusted to match
data.

Agreement with cross section
is not too surprising now.

We need an independent
observable to really test the
model.

* Nearly on-shell gluons can fragment to form Y
* Predicted transverse Y polarization for pi7» mig



Another Model: “k; factorization”

P e
\
> q
A
< q
P X

* |nitial state gluon polarization related to their transverse
momentum, 47.

* No need for color-octet terms...

* Predicted longitudinal Y polarization for pu7» mig
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Higher-order QCD calculations

N R NI - e
fj% Ej% W% Q E E

Artoisenet, et al — Phys. Rev. Lett. 101, 152001 (2008).

100 E H T T T T T T T T T T T M ° ° °
S : Y(1S) prompt data x Firec * Partial calculation including
& 104 "Bk, L0 e—
g e termsupto ads 15 ...
% o [ N\ * Large increase in cross section
T o1 compared with LO calculation
r
% 0.001 ¢ * No need for color-octet
©

—
<
N

0 | 5 | 10 | 15 | 20 | 25 | 30 35 40 COntrIbu‘L'IonS
P; (GeV)

e Predicts longitudinal Y polarization for pd7" > mlQ
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Measuring “Polarization”

* We don’t really measure polarization...

I

=4\ N
N v N\ ‘

A RATAN
L ‘1‘:7;}:‘ TN *?} 3 ! yZ4 T+

t 1;, '1 ; % » f“l
i u1— |
‘A ' Boost into rest frame

= : ar o ul+

- wve actuany measure wne direction () of the in the Y\rest frame.
Z
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Which coordinate system?

e S-channel Helicity (SH) — Y’ momentum vector defines the z-axis,
the x-axis is in the production plane

* Collins-Soper (CS) — z-axis bisects beam momentum vectors in Y’
rest frame, x-axis in the production plane:

center of mass frame Y rest frame
p V2
: p
production plane )
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Could it be possible?

S-channel helicity Collins-Soper
frame frame

1: 1
0.8 0.8
0.6/~ 061
0.4 0.4F-

o / -

il <1 02F O

o5 - 0" Z
_0.2;— p\l & _0‘23_

é‘ -0.4;— Q VA Q 0.4F Q

0.6 -0.6F
e 3 O

_1-? I I0|8I I I-0|.6I I I-0|4I ' I—0|2I I Ill)l I I0.|2' I I0.|4I I I0!6I I I0.|8I I 1 1; l lOI8l J lOI6l l l014l l I0121 ] J(l)l ] l0.12l l l0.|4l l l0!6l l l0.18l ‘ 1

Y Y

If 140 IS zero in one coordinate frame, then
it must be non-zero in another frame!

(provided AJg is not also zero)
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Geometric Acceptance

« Geometric acceptance calculated with full detector simulation
for each 7 range analyzed
* Muon detectors simulated with 100% efficiency

%] F c %] F c
Q0.8 Central + Central £ Sosl Central + Forward g
: 8 i 8
0.6 0.4< 0.6F 0.4<
0.4 0.4
- 0.2F 0.3 0.2F 0.3
fd - -
o r C
£ — o o
o C C
') C C
0 -0.2F —0.2 -0.2F —0.2
-0.4F -0.4f
-0.61 —0.1 -0.61 —0.1
-0.8F- -0.81
_1:I[[I|[III[IIII|IIII|IIII|IIII|IIII| _0 _1_[III[IIII|IIII|IIII|IIII|IIII|IIII| _0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
- ¢ (deg) ¢ (deg)
Kinematics
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R. Harr
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(&)
©

This is just all toy Monte Carlo
but it makes us worried...

A polynomial may not describe
the mass distribution under the
signal when fitted using just the
sidebands.
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Systematic Uncertainties

Efficiency measurement:
— Vary measured trigger efficiencies by

Monte Carlo statistics:

— Impact of finite sample sizes in acceptance calculated using toy Monte
Carlo experiments

Background scale factor:

— Compare linear and quadratic interpolation from sidebands into signal
region

Frame invariance tests:

— Treat as a systematic uncertainty
— Consistent with statistical fluctuations in almost all cases

All are generally much smaller than statistical uncertainty



New Cross Section Measurements

Phys. Rev. D83, 112004 (2011) Phys. Lett. B 705 (2011). 9 arXiv:1202.6579
0] = R R I I N I % [rrrrrrrrrprrrrprrrrrrrrp ] —— T 7T T
2000 = CMS, /s =T7TeV ] s 1401 ZGeV<p:“<4GeV e Data2010 1 - 6000 LHCb -
E -1 o [ —Fitresult 1 L [ = E
— 1800 L= 3pb - e 120,_ ly"1<12 —Y(18) - § 5000- \S = 7 TeV
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* 10-20% systematic uncertainty due to unknown polarization.
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