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Why study Quarkonia at the LHC?
The CMS detector
Quarkonia Cross Section Measurements

Xc2/Xc1 Cross section ratio

Summary
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Motivation

@ Theoretical Motivation

e no theory has simultaneously explained experimental measurements of
both production cross section and polarization

@ LHC provides:

. Jhy production at the Tevatron
% ' \ - Sar(s)=18 TeV
o New energy scale g - \\
g : oo,
o Large pt reach a "\\' g
e CMS provides: Z S —
:

o excellent dimuon mass
resolution T ket ¢ ”

e good photon
reconstruction resolution,
which allows to study
P-wave quarkonia states
through radiative decays

Y(18) production at the Tevatron
+ san(s)=1.8 TeV
i St
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The CMS Detector
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Reconstruction

T T
am 3m am sm om

Key:

Muon

Electron

Hadron (e.g. Pion)
----- Photon

Electromagnetic
) ]l Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
Transversellice ‘with Muon chambers
through C!

Tracker

Muon Station
Tracker muons were developed to reconstruct muons down to very low momenta, where for
identification purposes it is enough to traverse only 1instrumented muon layer.

Low p; muons might not traverse more than one instrumented muon layer because of the B-
field (mid-rapidity) or material thickness (forward).
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Quarkonium Production Cross Section Measurements
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@ A: Acceptance
@ € =€grack * €id * Etrig
o €rack: Tracking efficiency
® €id, €urigt Muon identification and trigger efficiency

o Nﬁt(Qb): The QQ yields, extracted via an extended unbinned maximum likelihood fit
@ L: The integrated luminosity of the dataset
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Mass Fits and Yields (Nyg)

@ Unbinned Maximum Likelihood fit

@ signal: Crystal Ball, Background:
Exponentials or exponential and

T(1S)
CMS Preliminary, \'s =7 TeV

1400 L =36 pb, lyl<0.2

Events /( 0.05 GeV/c?)
2
8

g
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error function product 1200
@ Mass differences fixed to PDG a0 T(29)
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Inclusive J/W Production

(Unpolarized)

ive Jhy — uty, for
@ Prompt: T 7T s ity Liarpnt ]
: . 10 s E
e Directly from pp collisions é B ]
e "Feed-down” from heavier states, 210% D@A % E
Ye and W(2S) 3 F E 1

o A -
§ 100 s iy % 1
o Non-prompt: from B-hadron decays 5 = B’ (=
% 1E  This paper X =
o Large pr coverage: S B I
F A 12<lyl<16(10) 4=
down to 0 GeV/c, up to 70 GeV/c 107 S ) E
10'2: hlf:glr'"gisri\‘lly;":o?:l:;m“m _*—ﬂ—'—‘—" .
Bl | Lo

o
w
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o Eur. Phys. J C71, 1575 (2011): 314 nb~!
e JHEP 02,11(2012): 37 pb~!
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Disentangling Prompt and Non-prompt J/W

Jjw
LY M J/v T -1
@ Based on pseudo-proper decay length /., = % LX; =TT,
p

1
@ Prompt and non-prompt components determined from simultaneous
likelihood fit to M and £, in each pt and |y|bin
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Results: Prompt J/W and W(2S) Differential X-section

J/ W(25)

Luminosity and polarization
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@ Excellent agreement with NLO NRQCD predictions.

e Prompt J/W: feed-down effect included in theory
o W(2S): feed-down not included in theory

(JHEP 02 (2012) 011)
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Results: Non-Prompt J/W and W(2S) Differential

X-section
Jjv v(25)

non-prompt J/p— u* ', corrected |or acceptance non-prompt y(2S)— u* u, corrected for acceptance
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@ Good agreement with FONLL predictions:
o Overall shift in the W(25) case
e Spectra fall more rapidly than predictions at high pr
(JHEP 02 (2012) 011)

Yu Zheng (Purdue University) Quarkonia Production at CMS July 25, 2012 11/



Results: W(2S) to J/W X-section Ratios

Prompt Ratio Non-prompt Ratio
5 0.09p & 0.09 T
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@ No |y| dependence observed syst.) % 0.13(theor.) % 0.42(Bppc))
Results as a function of pPT In agreement with world average
(4.8+£2.4)-1073
(JHEP 02 (2012) 011) more precise by a factor of 2.5!
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Yu Zheng (Purdue University)

T Measurement at the CMS

@ First T cross section measurement using 3 pb~! data collected in

2010

This was the first T(nS) measurement at the LHC. It was published

in PRD in June 2011.

-
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Phys. Rev. D 83, 112004 (2011)

o x B (uu) ratio

CMS, Vs=7TeV
L=3pb?, lyl<2

—4-Y(39)/Y(1S)
E - Y(@8)/Y(18)

g ¥ kl;i*k%%% .
Iy

l E

— stat.
- syst. 1
— total ]

7K T(15)

Quarkonia Production at CMS

20 25 30
p;' (GeV/c)

July 25, 2012

13/ 32




T (nS) Differential Fiducial X-section (36 pb~1)

@ Acceptance is a strong function of production polarization

@ The fiducial cross section results are not corrected for acceptance.
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BPH-11-001, https://twiki.cern.ch/twiki/bin /view/CMSPublic/PhysicsResultsBPH11001

a(pp — T(18)X) - B(T(1S) — putp™) = (8.55 £ 0.05(stat.) T4 3% (syst.) & 0.34(lumi.)) nb,
a(pp — T(28)X) - B(T(2S) — pp™) = (2.21 £+ 0.03(stat.) 7927 (syst.) £ 0.09(lumi.)) nb,
a(pp — T(38)X) - B(T(3S) — pup™) = (1.11 + 0.01(stat.) %13 (syst.) £ 0.04(lumi.)) nb.
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@ Updated analysis using 36 pb~! data, extending kinematic reach:
pT < 30GeV— 50GeV, |y| <2 — 2.4

@ Acceptance corrections for unpolarized assumption, down to zero pt

@ The dominant systematic is from the calculation of the efficiencies.
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Comparisons of Cross Section to Theory and Other

Experiments

—
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@ NRQCD seems to give the best @ Complementary to LHCb and
agreement consistent in the region of overlap
BPH-11-001
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Measurement of the prompt X.1/xc2 production cross-section ratio

@ Excited quarkonium states (P-wave
states) present complementary
information to S-wave state production.

@ Production of x. mesons studied via
Xc — J/WV + v decays, with tracker-only
~ conversions to ete™ e

@ High purity v Conversions
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Background Rejection

@ To study x. prompt production, @ To minimize the photon
we minimize feed-down from B background from 70 decays, we
decays by rejecting the displaced reject photons that, combined
dimuons. with other photons in the event,

give the 70 mass

€
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Ny N S Y
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b | ﬂ‘F * 20000 ™
10 L N
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F L=0.191b"
-0.05 - A : ; — ‘045‘ = 0.‘2 S000
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The Results

@ The prompt Xc2/Xc1 cross-section ratio has been measured vs. pt
@ Systematic uncertainties dominated by fit to mass distribution. Also
include efficiencies statistical uncertainty.

£ CMS Preliminary
0.9 pp.\'s =7 TeV

E L=4.62fb"
0sk. 62 by
i *
06—
05
04F #
03 olx,)

E ol
02

E olx,) E‘s(xc2 - j:w Y) ly(hp)l<1.0
01 00t Blty = I ) p,(1)> 500 MeVic

oF

I I 1\5 | T I 2\5
pT(J/w) [GeV/c]
CMS-PAS-BPH-11-010
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Comparisons to Theories

~r1.0F ~r1.0p
I%< f 0 E CMS Preliminary 2011 % ,'E 0 9:— CMS Preliminary 2011
T pp,\E=7 TeV I PP, \s=7 TeV
=150, L=4.62 fb" =T 0.8F La62 "
0. 0.7F
0. 0.6
— k, factorization £
0. 0.5
0. 0.4F =
0. —‘—+ 0'3; 7 .
0. o o 0.2? —an;ouﬁucnnx W <1.0
0.1F Y L0 i o e 0  E&=OLu)=0 P.(1)>0
: ‘ | Po)=ug=o : =1 %) =2 ‘ ‘
0.0 10 15 20 = 2 0.0 10 15 20 2
ly(4/¥)| < 1.0, pT(J/w)[ evl down to zero p1 pT(J/w)[ ev]
pr () > 500MeV /c
@ The k factorization model predicts the @ The NLO NRQCD predictions were made
Xc1 and xc2 states in a _jfz"X = 0 state. without a cut on the photon transverse
For a proper comparison, the acceptance momentum.
was recalculated under this assumption. @ Extrapolated down to zero photon pr.

@ The comparison requires the full
polarization uncertainty, shown by the
green envelope.

CMS-PAS-BPH-11-010
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e J/W, W(2S), T(nS) differential cross-sections measured with typical
uncertainties (statistical + systematic) of 5%, 20%, 10%

e pr ranging from 0 to 70 GeV/c for the J/W, 0 to 50 GeV/c for the Ts

e For charmonium, prompt and non-prompt separation achieved using
decay length information

e Good agreement with NLO NRQCD predictions at 7 TeV

o B—J/W, W(2S) in reasonable agreement with FONLL predictions,
except for the very high pr region and for the total B — W(25) rate

® Xc — J/W 4 ~ assessed through photon conversion

o Excellent signal-to-background ratio, good separation of the three

states: Xco, Xe1 and Xc2
o The Xxc2/Xc1 cross-section ratio measured up to unprecedented J/V pr
e The most precise measurement currently!
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Acceptance (A)

Nree (p¥, y " | SITRK track pair satisfies fiducial cuts)
N\gen (p/'_Y"_’ y/'T‘)

)

(1)

A(pF.yT) =

@ Geometric and kinematic
e High-Statistics T(nS) Gun samples, generated flat in Tpr
o Different acceptance maps for 1S, 2S and 3S

A0S

Phys. Rev. D 83, 112004 (2011)

10 20
P (Gevic)
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Acceptance vs. Polarization

@ Acceptance is a strong function of production polarization

@ Acceptance is not used in fiducial cross section results

@ For the acceptance-corrected production cross section results, quote
five cross sections for discrete polarization values

HXT: Helicity frame, transversely polarized

HXL: Helicity frame, longitudinally polarized
CST: Collins-Soper frame, longitudinally polarized
CSL: Collins-Soper frame, transversely polarized
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MuonID Efficiencies (€;4)
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Trigger Efficiencies (€trig)

CMS, \/s=7TeV, L=3pb~!
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First CMS paper on J/y
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non-prompt fraction

B fraction results

= Above p; =20 GeV, more than 50% of the J/y and 1(2S) mesons result from B decays

0.7
0.6
0.5
04
03
0.2
0.1

T

CMS-\s=7TeV

= 5 =
E L=37pb’ 4 < E
e P 3 é% E
g 14 5 E
| < 3
E 1 i ‘}} @ 2 E
} % - - &« + Jhp;lyl <09 4%— Jhp;1.2<lyl<1.6 g
= —4— I3 0.9<lyl <12 #ﬁ Wy (2S);1.2<lyl <1.6 §
= — v @skiyi<12 = E
L L 3 20 30 40 50 60 éO\/B/O
5 6 7 8910 20 30 40 50 60 7080 P, (GeVic)
p. (GeVic)
X
§ 07F !
§ oGE.CMS-\Vs=7Tev
L f L=37pb’
£ 05F
s F
2 04F
5o L4
03 %# @ —4— Jn;16<lyl<21
0.2 ; }W‘?Q —— Iy;21<lyl<24
0.1; —— vy (S 1.6<lyl<24 E
. E
5 6 7 80910 20 30 40 50 60 7080

(Purdue University)

P, (GeVlc)

JHEP 02 (2012) 011

Quarkonia Production at CMS July 25, 2012




YP(nS) Cross Sections
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J/V Systematics

[y] range 0-09 09-12 12-16 16-21 21-24

Quantity Source Relative uncertainty (in %)

affected

All cross sections

myy fits Statistical 12-89 15-71 16-84 12-32 23-39

Uy fits Statistical 1.0-59 14-47 14-76 21-83 44-71

Efficiency Single-muon efficiency 03-09 02-16 01-14 02-1.0 06-14
o factor 19-232 12-76 07-57 08-54 37-68

Yields Fit functions 06—-34 04-28 05-28 08-22 10-42

Luminosity =~ Luminosity 4.0 4.0 4.0 4.0 4.0

Non-prompt  Tracker misalignment  0.1-21 01-08 00-15 02-32 02-51

fraction b-lifetime model 01-30 01-34 01-37 02-26 02-6.6
Vertex estimation 01-07 07-30 04-37 15-46 23-50
Background fit 00-02 01-14 01-10 00-25 01-12
Resolution model 02-35 00-42 08-35 11-50 11-44
Efficiency 04-21 09-33 05-99 03-33 16-105

Only acceptance-corrected cross sections

Acceptance  FSR 00-15 00-25 00-42 07-80 05-35
pr calibration 00-06 00-06 00-08 01-06 00-08
Kinematic spectra 00-03 00-07 00-07 07-38 04-53
B polarization 00-05 00-04 00-05 01-08 03-13
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W(2S) Systematics

ly| range 0-12 12—-16 16-24
Quantity Source Relative uncertainty (in %)
affected
All cross sections
myy fits Statistical 56—-148 75-317 73-241
Ly(as) fits Statistical 43-127 59-38.0 9.1-264
Efficiency Single-muon efficiency 01-05 01-06 02-09
p factor 07-131 21-66 23-98
Yields Fit functions 12-37 06-121 31-10.0
Luminosity ~ Luminosity 4.0 4.0 4.0
Non-prompt  Tracker misalignment 03-26 15-71 18-111
fraction b-lifetime model 00-25 04-76 00-29
Vertex estimation 00-17 02-35 12-42
Background fit 1.0-68 22-100 25-153
Resolution model 05-35 01-46 09-249
Efficiency 05-78 09-63 05-138
Only acceptance-corrected cross sections
Acceptance  FSR 00-39 05-34 03-41
pr calibration 02-05 03-05 03-05
Kinematic spectra 01-12 00-09 07-20
B polarization 01-08 00-06 02-17
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ematic Uncertainties

ly¥| <24
Y(15)

rT A Sy Apr [ Atsr | uigid € [ €func ik PDFcp | PDFygd [ Micale
00—500 | 1.8(17) | TO(10) | 1.7 | 05 | 71(54) |68 | 18 |04(03) | 17 07 | 00(0.0)
00-05 | 1.3(12) [01(01) | 03 | 0.8 | 101(79) | 75| 04 |04(03) | 20 07 | 01(0.1)
05-10 | 13(13) [01(01) | 03 | 0.8 | 95(7.6) | 82| 07 |03(04) | 18 13 |00(04)
10-15 | 14(13) | 09(09) | 1.5 | 0.5 | 84(68) | 7.1 | 36 | 04(0.4) | 21 05 | 00(0.0)
15-20 | 14(14) | 1.8(18) | 1.5 | 04 | 89(7.0) | 81| 34 |04(04)| 13 28 | 01(0.0)
20-30 |17(16) | 02(0.0) | 07 | 07 | 85(6:6) | 72| 26 |04(03) | 17 24 | 00(0.0)
30-40 | 19(1.9) [ 08(08) | 10 | 0.6 | 77(56) | 72| 19 | 03(04) | 20 12 |01(01)
4.0-5.0 1.8(1.9) | 0.3(0.3) | 0.1 0.8 72(53) | 74| 2.6 | 0.4(0.6) 1.5 04 0.0(0.2)
50-60 |21(21)|18(18) | 23 | 03 | 67(50) | 67 | 22 |03(04) | 13 18 |02(02)
60-70 |22(19) | 12(12) | 20 | 04 | 67(47) | 69| 19 |04(02) | 13 06 | 03(03)
70-80 | 20(19) [15(15) | 26 | 0.3 | 62(46) | 52| 14 |04(04) | 15 09 | 02(02)
80-90 | 1.8(18) | 11(11) | 22 | 0.3 | 59(43) | 44 | 12 |04(04) | 13 09 | 00(0.0)
9.0-100 | 1.8(17) | 19(19) | 33 | 02 | 59(44) | 39| 01 | 04(04) | 12 13 | 02(01)
100110 | 15(15) | 1.8(1.8) | 33 | 02 | 54(41) | 50| 04 |04(03) | 12 12 |02(00)
110120 | 17(16) | 1.4(1.4) | 28 | 01 | 55(42) | 18| 05 | 0.4(04) | 07 23 |02(02)
120-13.0 | 15(1.4) | 24(24) | 39 | 00 | 54(42) | 51| 04 |04(04) | 12 10 | 06(06)
130140 | 14(14) | 20(20) | 36 | 00 | 52(40) | 52| 02 | 04(03) | 13 01 | 01(10)
140-150 | 13(13) | 25(25) | 41 | 01 | 53(42) | 64| 07 |04(03) | 13 01 | 12(04)
15.0-16.0 | 1.3(1.2) | 20(2.0) | 3.7 | 0.0 51(41) | 58| 1.3 | 04(03) 1.2 0.1 0.8(0.1)
160180 | 11(11) | 22(22) | 39 | 01 | 48(39) | 61| 15 | 0.4(04) | 12 07 | 01(04)
18.0-200 | 11(11) | 22(22) | 41 | 01 | 48(38) | 56 | 14 | 04(04) | 14 02 | 02(02)
200-22.0 [ 1.0(1.0) | 24(24) | 41 | 00 | 48(39) |30 | 22 | 04(03) | 09 06 | 00(0.0)
22.0-25.0 | 1.0(1.0) | 1.8(1.8) | 4.3 0.0 47(39) | 27| 21 0.4(0.4) 1.5 13 0.4(0.4)
25.0-30.0 | 1.1(1.1) | 1.1(1.1) | 44 07 | 49(42) | 1.1 | 23 | 04(04) 1.3 0.6 0.3(0.2)
30.0 - 50.0 | 0.6(0.6) | 21(21) | 35 | 03 | 45(38) | 47 | 21 | 03(03) | 13 40 | 01(10)
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