Quarkonia Production and Polarization
at the Hadron Colliders

Bryan FULSOM
for the ATLAS, CMS, LHCb, and ALICE Collaborations

SLAC National Accelerator Laboratory

L A_c.: Large Hadron Collider Physics Conference 2014
ACCELERATOR LABORATORY June 2, 2014




Quarkonium Introduction

Heavy quark cc/bb bound state
Generally well-understood system
Motivations for study:
— Important tests of QCD
— Background to CPV/rare decays
— Several emerging conflicts
between theory and experiment
Reconstruct decays to muons and
radiative transitions

Recent LHC results covered today:

Cross sections (Jhy,y(2S),Y(mS))
Production ratios (% co/%c1:Xp2/Ap1)
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Spin-alignment (polarization) measurements (J/y, y(2S), Y(mS))

Other production channels (X(3872), Jy+Jhy, W+J/y)
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Color Singlet Model (CSM)

dG/dPT'Iy'<0.4 x Br (pb/GeV)

o
colour-singlet state
Early model (~1970ies) for quarkonium production Sl QQd\
Heavy quark pair produced in a color singlet state N/
evolves into the final state quarkonium with same /& couresy

guantum numbers (spin, color state)

o O

— Prompt J/4 production
— Prompt ¥(2S) production

o Prompt J/¥ ]

Initially successful until early CDF data oy = Prompt ¥(25)!

Large disagreement with increasing p
CDF: PRL 79, 572 (1997)

100 F r————F———— T
fla Y(1S) prompt data x F*'"*¢

do/dP; * B [nb/(GeV/c)

. Systemcltlc Error
10 F S) Systematic Error

s 0 é 5 8101214167820
P;(¥) [GeV/c]
* Recent vast improvements with higher

order (NLO, NNLO¥) calculations
1604 bt "40 Artoisenet et al.: PRL 101, 152001 (2008)

P (GeV)

o
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Color Octet Model

o
« Can also produce heavy quark pair in color octet state _ UGEEE!
. . . . . » \ 7-*‘03,5\.‘
« Evolves to singlet final state via soft gluon emission BRERAEI- .
- Calculations factorizable into perturbative part and > “ < R
Non-Relativistic QCD matrix elements fit to data A

Bodwin, Braaten & Lepage: PRD 51, 1125 (1999)

. . T
Very good agreement with production ¢
. . 107 = O CDF Preliminary E
cross section data (by design) = : _
Braaten & Fleming: PRL 74, 3327 (1995) 5 1072 3 Y\ yomet =
é\: 10_3 ;_ R : ~ ?f\\‘%rf“\\ _;
Other models include: i : T~ \}T
. 3 04 L N CS+f tation—
— Color Evaporation Model PO SN 3 ?menam f
|Amundson et al.: PLB 390, 323 (1997))| ;33 05 L / T~ ]
K. E ] ] o Color Singlet .
— k; Factorization E
Baranov: PRD 66, 114003 (2002) e e
0 5 10 15 20
pr (GeV)

— (Not covered in detail here)
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Spin Alignment (Polarization)

* Spin alignment quantified by the relative importance of spin-1 eigenstates in
production by measuring the angular distribution of the leptonic pair decay

dN 3 . :
— ~ 1 + Apcos=0 + A sin“6 cos2¢ + Ay, SIn26 cosg
d ()
2z
uarkonium ) i
qrest P production plane I \ / .l l \ T ..)lg — +1
_ g L / T e Ap = Agp =0
production ~ / ‘ e I I
plne —__ / e J=£1 > A, =+
/ " . " /r ..... l :
X (ﬂ\‘h y Y / collision by / b: ] Ag =—1
. ! ;;‘iti “l / auar rest \ % Av{ﬂ = AE'QJ = O
/ frame \ / frame -
| Jz= o — Aﬂ = -1

Faccioli et al.: EPJC 69, 657 (2010)

* Quantization axis “z” analysis-dependent, defining the reference frame:
— Helicity (HX): quarkonium flight direction in the c.m. of the beams
— Gottfried-Jackson (GJ): momentum direction of one of the beams
— Collins-Soper (CS): average of the two beam directions

o
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Spin Alignment (Polarization)

Spin alignment results depend on choice of quantization axis, and cannot
be determined by measuring a single parameter (e.g. Ay)

™ =41 [ “*
)\(,.-‘) — _l -----------------
T } Ao = +1
Zcs ’ )\9 = -1 I /\”_[]
| Ap =0 |
A=-1 A= +1

Key measurables
— All three polarization parameters (1)
— Multiple reference frames for cross-check
L . . = Ay T3
— Verify with use of frame-invariant quantity A =
Theoretical predictions (HX frame) I =2
— CO: "transverse” polarization (A4 = +1, A, = A4, = 0)
— CS: “longitudinal” polarization (Ay = -1, &, = A4, = 0)
— Differences make this measurement an ideal discriminator

Faccioli et al.: EPJC 69, 657 (2010)

o
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Tevatron Spin Alignment Results

. .
« Most recent result (CDF): Y(1,2,3S) spin alignment
o 1
< 08l Y(1S) 4 CDF Run I
06 | "{I)‘ CDF Run |
2 D& Run |l
0 T [ A > ~NRQCD
® -
0 1 1
RaN 0.2
L% -0.4%
06T > ~CSM NNLO*
-0.8 -
1 | | | | |

I |
0 5 10 15 20 25 30 35 40
P, (GeV/c)

ICDF: PRL 108, 151802 (2012)

Consistent with previous CDF, inconsistent with DG
Inconsistent with both CSM and NRQCD predictions
No clear evidence for polarization in Y(1,2,3S)

Turn to LHC to for further understanding

o
Onia/Polarization - Bryan Fulsom (SLAC) — LHCP2014 Conference - 2014.06.02 - Page 7/25



Introductory Summary

Two leading contenders to describe quarkonia production
— Color singlet: improved agreement with higher orders
— Color octet: good agreement; tuned to data

Spin alignment (“polarization”) has widely
divergent theoretical predictions and can
be a good discriminator

— Ambiguous results from the Tevatron

Next: LHC results offer new possibilities...
— Higher luminosity and energy
— Increased p; and |y| ranges

o
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General Experimental Technique

o
* LHC measurements have higher luminosity, greater p; reach
« Typically reconstruct J/vy, y(2S), Y(1,2,3S) decays to utu-
— Understanding detector (muon) acceptance is crucial
— Use sidebands to determine background
* Non-prompt B — cC X decays defined by vertex-related variables
* For y — yy use converted photons to separate J=1,2 states CMS. |
« Fit m, yield in bins of e.g.: p+, |y|, cos0, ¢ 3
%12:— ) ) N s =7Te g 4_ (28 ons E:Q 250__ CMS
2 s ?{;isé 9 Gey Ep= 4_: ﬂo-1]rT Y %102— 1é<;T<22 GeV o 4.&:.1? Tev E pp,\'s = 7_1TeV
L%) 1 :_ Iyl <OT_6 — Signakbackground % w=0e % 200:— L=46fb
03:— -- Background 103? — Sum (0 E 16 GeVic < p_(JIy)
f ' signal region E __N?nrgfct)mpt W 150 20 GeVic > p_(JIy)
L , Sideband regions -- Background L
i yn 100
- ; | 50F
x Eh o i

38 39 4 0 05
M [GeV]

CMS: PLB 727, 381 (2013)|

2

Pseudo-proper lifetime [mm)]

oE R N | PR o
3.2 34 3.6 38
My oy = Myy + mJl{w [GEVfC2]

CMS: EPJC 72, 2251 (2012)
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J/y Production Cross Section

Theoretical comparison:

— CSM NNLO* improves agreement but underestimates the data

o
* Highlighted result: S | mn e ise7Tev, mclusie dy. 2594 ]
ALICE: arXiv:1403.3648 (2014) g; * i'*
« Good agreement with LHCb % T""‘;fwﬁ
_ See also [CHCb: EPJC 73, 2631 (2013) e i ;
for higher statistics (0.37fb-1) result S0 f_+it:§§ t;;:l;’?Z s 2% +—*—+
— (No ATLAS/CMS update since 2011) e Kk

_0 2 4 6 8 10 12 14 16 18 20

P (GeV/ce)

— Two NRQCD calculations show better agreement
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1 NNLO" = - 4 59 i3 i = 14 59
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e 2 4 6 & 10 12 1 1sp (ésewfjo 0274 6 8 10 12 14 16 18 20 002774 % 8 10 12 14 16 18 20
T P, (GeV/c) p; (GeVic)
o
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y(2S) Production Cross Section

x10°
. . - - > 1OOiI""I""I""I":;);la"l""l"':
« Highlighted result: [ATLAS: arXiv:this week! (2014 )| = o |
~ 80__ --=-- Background ]
Considers y(2S)—»>nn-J/y rather than y(2S)—ufu £ «
[IT] [
Non/prompt fractions by pseudo-proper lifetime T ATLAS Preliminary
: : 20r \s=7TeV, 2.1fb" B
« Good agreement with previous measurements b ]
3.60 3.65 3.70 3.75 3.80 3.85 3.90
: . [GeV
Plot includes: |LHCb: EPJC 72, 2100 (2012) |[CMS: JHEP 02, 011 (2012) Myyrr [GEV]
A A
- - T
« Data agree with NRQCD up to highest p;, CS undershoots
. Large non-prompt dlsagreement at hlgh Pr See talk by D. Price
%' 107__ ATLAS Prellmlnary Prompt\y(zs) data % 1055— ATLAS Prellmlnary NOﬂ promptw(ZS) data Hea\ly FlaVOF 2
9 | ooF V=7 Tev, 211" —@= Iy <075 (x10) 9 1o'f 1s=7Tev, 211" @ <075 (x10Y
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—~ 3 — E g FONLL T
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? 10}:? CMS (37 Sb")1.6s |§|<2.4 —— ? 10.7?_ CMS (37 gb)16< I;I<24 - 10 20 30 40 50 60 73580 gfggf,]
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Low-p- Y(MS) Production Cross Section

« Recent experimental results ag

g7 T ' ! L B
£ LHCb TS LHCh i%f - LHCh
- T(1S) = pru” e g %AI T(2S) — whu~ e T(3S)— phu
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e = —_— ] <& _5%
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Lotk B NLONRSE? 1 & F NLONRQCDf ]
g 3 | g.;f 3 QT(; |
o 5 10 15 107 ; | 1‘0 5 m-jo B ‘% T 1|0 s
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LHCb: EPJC 74, 2835 (2014)
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5 | 3 T
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3 | 4 3 | ——ﬁﬁ__
8 & 8
rsE 1 — * - % 1 _
L Scaled CSM direct Y(1S)
| C—1LO
" NLO [ Prompt Y(1S) CS+CO@NLO
| [ NNLO" —e— ALICE, inclusive Y(1S)
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S N i P RN B | E L ]
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ALICE: arXiv:1403.3648 (2014)

ree; theory reach is limited

ALICE
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High-p- Y(mS) Production Cross Section

« ATLAS and CMS results consistent with one another
* Reasonable agreement with theory (CSM and COM); worsens with p-

Departure may be due to feed-down contributions

p (GeV/c)

p (GeV/c)

CMS: PLB 727, 101 (2013)

p: (GeV/c)
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:‘; Spin-alignment envelope _§ :; : Spin-alignment envelope :5 10 [ Spin-alignment envelope T
F ] nnLo* s (direct ony) . ? 10 E E Lo csM (airect only) ? = 00 NNLO*CSM (directonly)
Q = CEM (inclusive) % :\‘U—’- F = CEM (inclusive) § B = CEM (inclusive) T
£ 1 E g = E =
o = o E & E 3
x 3 w - - -
5 J & w0 g z w0 E
g e el S g EATLAS o & [ ATLAS 3
£ —r 7 05 .l T e g2 -
5 g © =TTy J'Ldt:1_8fb" 4 © E Vs=7TeV J-Ldl:1.8fb"
4ID 5|D 6‘0 70 [i] 1 ID ZID 3‘0 4‘0 Eb EID T0 U_ 1 ID 2‘[] 3b 4ID 50 60 70
T(1S) p, [GeV] T(2S) p, [GeV] Y(38) p_ [GeV]
AR RS AN AR LAARI AN AR = 107" q § = £ MALARS
CMS (s=7 TeV, L= 36 pb" o F CMS J_ TTe"v' L 36 pb 1L = "CMS (s =7 Te‘.l’ L=36 pb 3
y 1= 4k —+— CMS data 1= F —— CMS data ]
—— CMS data ; @ 3 E [ R NLO GSM
BN NLO NROQCD ERN O E NLO GSM I 10 : .
NLO CSM 1 =,a0 EEETE NNLO® GSM 1 = [ HEH NNLO“CSM 3
[EFEEE NMLO* CSM 4 & 107 & — PYTHIA (normelized} § re] (normali ]
—— PYTHIA (normalized) j < E CEM 1 E102E CEM -
" -1 " E 3
o CEM 1 0_2 L GASGADE i CASCADE 3
L CASCADE = E I =
: E: EXDS (© =
i H10°F ® 47 i
E ..... ® x 4 “ﬂl'.ii
g ~10*F  Y(29) 1 210%E Y(38)
E E o F | ?l 9 SR
E - Y| e - yi=<
j=1 F D.-I 0-5 Iy <2 n.| o 10%F
o .f | © © S
=10°F 4 B 5 E
o FE ——+—— total uncertainty E 5[ ——+—— total uncertainty % [ ——+—— total uncertainty
o [ eau:epi Iumlnmn‘y [4%: anu polarlmlm qb 10 E emapt Iummcmty :-l%} and pula.nznnun 10 G I N;I:upl |Ilrl|||mlr|'( |n|=>-n1 pu:-lnz.lﬂunl |
il Eiooilig L I NS FEEEE RN T N AR
1 0_60 5 1[} 15 20 25 3[} 35 4[} 45 50 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35

Onia/Polarization - Bryan Fulsom (SLAC) — LHCP2014 Conference - 2014.06.02 - Page 13/25



%.;(1P) Production

®
* Measurement of y../y.; production rates/ratio ATLAS: arXiv:1404.7035 (2014)
Z'Uﬁfrf-ﬂsl 1< <306
— Reconstruct y.—yJ/y using converted photon e e

145
12
1.02
08
06
0.4
02

0.05 ]
02 03 04 05 06 07

m{py) - mi'w) [GeV]

— First measure of absolute y.;(1P) rates
« Best agreement with NLO NRQCD predictions
— (Plot includes [CMS: EPJC 72, 2251 (2012)])

Weighted p*py Candidates / (0.01 GeV)

ET y ET ‘ E R
g E ATLAS Prompt Iy""| <0.75 g F ATLAS Pompt "' <075  § P 0.oF ATLAS | " Frompt < 0.75 E
:.E. 1 3 §=7TeV j Ldt=45f" %,, Isotropic Decay E- 1 E_ s =.7 TeV IL dt=45m" %, Isotropic Decay —_.E 5( 0:85— Vs=7TeV J' Ldt=45" —4— Data _% A ;_, A
%'- F %" E . : ‘Aﬁ o | Isotropic Decay —#— CMS Iy < 1.0 E A I
= = - ka3 : 3
= 107k = 10”; E 9] E = A
o E '.,3 E 3 X, . =
11 C 5 . ] o E E =
T 107k T 10%E E 3
@ E o E 3 E
r F 1 ‘MS
10°E —+ Daa 10°E E e X
=== k, Factorisation E 3 E
| E= nLoNRacD | —— NLONRGCD ]
10 E B8 Locsm 104?---LOCSM S E ‘ ‘ |
10 20 30 10 20 30 10 15 20 25 30
p7Y [GeV] p;Y [GeV] pyY [GeV]
;‘;1 5H —&— LHCb (conversions) g"] 5+ —— LHCb, 2<y<4.5
5 7 & LHCh (CALO) o E\ N\ NLO NRQCD
. -p .o probed by LHCb = | 5 |
LOW T, XCZ XCO rO e LH 50 L _+_ Lot —$— CMS 50 }\ - LO NRQCD
5 1= 0 —4— CODF 5 1 N

- Consistent with previous results | sl o LN
05} - _%_#ﬁ—“‘r%—:%: 0.5:— -, \\\\}“‘k\“\‘}\\\

% [HCb: JHEP 10, 115 (2013)] | , s

1 Il Il 1 1 1 1 Il 1 i
Qa4 e T8 10 12 14 16 18 20 2778 T8 0 12 14 16 8
pY¥ [GeVic] i [GeV/c]
O
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%o12(1P) Production Ratios

o
CMS preliminary [CMS: CMS-PAS-BPH-13-005 (2013)|
Reconstruct y,—yY(1S) using converted photon
Difficult measurement due to small (~20MeV) y,-%,, Splitting
First LHC experiment to resolve these as separate peaks
ﬁgzg:_”””” S F
= f v | CMS Preliminary ] 5 1.6~ 7]
EQDD ;_11 GeV<p, <16GeVi o fs=8Tev B :ﬁ - CMS Preliminary ]
5180[- [l L=207m" E 5 14 op (528TeV
'”151:1;— H = 12f L=207fb" ]
€ -]
100 [ s{ﬁ _ 08 + | ]
{J | * = 0.6[- N
e il Hﬂ{‘lﬁ\[&F N s _
: Ar y'I< 1. .
o l} 11 [ 9% BR uncertainty not shown 'l < 1 ]
: = 0.2~ Unpolarized —_ CMS
9757568 "85 9 995 10 1005 10 TR T e
My T [GEV] p: [GEV]
o
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Production Cross Section Summary

LHC results span and are consistent across kinematic range

Analysis of spin-1 (J/vy, y(2S), Y(1,2,3S)) states well-covered
— Next step: analysis of ., %

Production cross sections agree with
theory up to high p+
— Color octet predictions generally best

Next: Spin alignment...
— Does the LHC resolve the issues
seen In Tevatron data?
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Jhy Spin Alignment

« Two LHC results complementary in p; coverage
« Fit to all parameters and invariant as crosscheck
 [sotropic distributions: minimal polarization (if any)
* Disagreement with both CSM and COM

— Due to y.(1P)/y(2S) feed-down effects’?

«-< |_ T S
T CS 99.7% CL .
D ] [ T T T T I T T T T I T T T T - 0'5; _:: ::: g:: :
< gFLHCb {s=7TeV
"~ E @NLO NRQCD(1) ¢l
0.6 FONLO NRQCD(2) = o+ T
0.4 Frr o e = ] 1
p HNLOCS STOCLHICL N |
02 ||||||H\||||||||| - 05| mi<os
= Il‘H”HH ] 18 <p_ <20 GeV
OF ' — 11 - E 4 ;
- 4y b bt = w0 T
0.2¢ ++ ’ ! 3 1 s e s ]
04? = i Ty
06F  25<y<40 ER o
0.8 F — 1 —PX:GS,IJ“/:CL
1 - , . , . I , . , , I , ) , , - 0'5t PX, 99.7% CL
0 5 10 15 1 5
p,UNy) [GeVEe] .0 @
% [HCb: EPJC 73, 2631 (2013)] «-
] CMS pp (=T TeV L 49" ‘
- | | |
L L L L R

-1 -0.5 0 0.5 1
A

hg

[ cMs  HXframe

IU TThy Mﬂ%# ________ Jf __________

= NLO NRQCD [26], |y < 2.4

DT Jhy
02 -_ _
D-JEMH@-—-#-—# ............ L.

~|y| <086
02} =06<ly|<12 A
I +~12<ly|<15
20 30 40 50 60 70
p, [GeV]

CMS: PLB 727, 381 (2013)

See talk by A. Pompili
Heavy Flavor 1
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y(2S) Spin Alighment

o
No feed-down effects, same result -
No evidence for polarization
No agreement with CSM o5} eus o trams.
Some COM agreement at low p; Bl
No agreement with theory at higher p; 3 -_
S ' ' NN 5 Op-g j —eeee- }—
S \ \\\\\\\\\ ot
05 t\jRQCD(E) \ " i " 02+ 1
F csy e (@) ]
SR N
0.5 5—2.5{:]:{4.0 /////'/f////”///// T —f }'ﬂqnﬁ%ﬁ‘ﬁl
LHOb G=7Tev ] ~y'<06 ]
L R - UL e
P [GerC] T I2I0I - IEIGI - I40I - IEIIJ

P, [GeV]

CMS: PLB 727, 381 (2013)
e

CMS. |

% LHCb: arXiv:1403.1339 (2014)
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Y(mS) Spin Alighment

« Expect better theory agreement with bottomonium and higher p;
« CMS analysis results |CMS: PRL 110, 081802 (2013)
— Small/no polarization seen for any Y(mS) states

— Could be effected by y,(nP) feed-down (even Y(3S))?

T ' ' T ' ' T ' ' ' T ' ' T ' ' ' T ' ' T ' ' i &
i3 Y(18) T Y(28) T Y(38) 1 4 [--Cs,68.3%CL
1 |--cse97%mcL
050 ] 1 |—Hx 883%cCL
§ i + t { ¥ + } + + + + 054 | HX 99.7% CL
Apof W g W A R ] 1
051 0—
AFCMS pp Ws=7TeV L=49f"17% HX frame, |y| < 0.6 } 1 1
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Spin Alignment Summary

* LHCb/CMS results span wide p; and |y| kinematic range

* No evidence for ANY polarization in ANY spin-1 production

— Disagreement with both leading theory candidates

— Feed-down effects not understood S

but cannot account for departure of g
results from theory (i.e.: y(2S))

* Next: Other tests of production theory
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CMS: X(3872) Production Cross Section

« Charmonium-like X(3872) discovered in ntn-J/y decay at the B-Factories
« Believed to be a tetraquark: charm meson (DD*) molecule or otherwise
« NRQCD production rate prediction exists based on Tevatron results

Artoisenet and Braaten: PRD 81, 114018 (2010)

x10°

! X | T T T T |_ T T T \_
> F o oy ] = 1= CMS \s=7TeV 7
s 100 L=48f" — Q) EoN L=481b
o 10 < pT<50 GeV + data 5 ~— N |y| <12
©° Iyl <1.2 — total fit o AR -
—~ B ---background =, r N
B 80 : signal — ~ } SN0 —LO NRQCD _
= 2 t s ] - i N LO NRQCD uncertainty
z i i % 16F O_l— 1 NG
L [ I L | Bl RN —
'8 60_ 3 5 14 S 10 i %
© - E w J —~ = .
o [ 3 g 1 28 T N
40— ¥ 2 o i . £ i ‘ .
B ' © 37538 385 35 895 4 | 22 N
C A My T GV ] o X
- . " 10_2:_ N
3.6 3.7 3.8 39 4 i 1
+ - Il Il 1 1 | 1 1 1 1 | 1 1 Il Il | 1 1 1 Il
Chs, mJly w') [Gev] 10 15 20 25 30
T e
CMS: JHEP 04, 154 (2013 Py ) [5eV]
: : ( )

« Cross section has correct p; dependence, but rate ~10x below prediction
o
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CMS: Double Jhy production

« Study production (single or double parton scattering) of double J/y
* Fitvariables: m;, (high/low py), decay length, J/y distance significance
zﬂ:g R N R mfz.%..,..me,“ o o

Observe 446+/-23 prompt double Jhy events from same vertex
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Weighted Events / 20 GeV

ATLAS: W + Prompt J/y Production

Theoretical prediction CS>>CO production contribution
First observation: previous CDF search for J/w+W and J/y+Z had null results
Reconstruct J/y—pu~ and W—pv, fit to m,,, and pseudo-proper time

Estimate and subtract DPS contribution; results >10x than prediction
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Conclusions

e« Summary

— All LHC experiments provide results spanning |y| and p+, providing new
insights into quarkonium production

— Color octet model calculations agree best with data
— No polarization, disagreeing with leading theories
« Qutlook
— Experiments to exploit Run-II to increase statistics
and p; reach, to confirm results and explore . & y,
— Theoretical understanding of polarization: fit to new

data to further understand color octet contributions
Faccioli et al.: arXiv:1403.3970 (2014)

— Study of more “quarkonium + X” channels

LHC is key to solving the puzzles
of quarkonium hadroproduction
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Thank you for your attention!




