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Why quarkonia @ CMS?

Many good reasons!

« They provide a unique laboratory for studying QCD
» They are abundantly produced at LHC 0 ¢
« They can be used to probe hot, dense matter

Some history ...

* Inthe 90's CDF observed direct production rates |
for the J/y and @(2S) far beyond the prediction 0|
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Lansberg, PRL100(2008)032006

"EXA11, Sep. 7, 2011 W. Adam: Quarkonia Studies at CMS 3



SYHEPHY

Why quarkonia @ CMS?

Recent progress on theory ...

« New NRQCD calculations at NLO | L
became available for charmonium 107\ S AP
(including color-singlet and color-octet of "3 — TowlLHC

contributions) at O(a4v4). CMS Daia
« They agree well with cross sections measured

at the Tevatron and first LHC results.

« There is a hint that one CO state ('S,®l)
dominates J/y direct production

» Further comparisons with increasing
precision on LHC cross section data and with Pr (GeV)
polarization measurements are needed! Ma et al, PRL106(2011)042002

do/dp, xBr(J/g—p* p”) (nb/GeV)
do/dp, xBr(y/ »u" i) (nb/GeV)
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Quarkonium reconstruction
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YHEPHY Quarkonium reconstruction

in CMS

Silicon pixel & strip tracker
* 1440 pixel and 15k strip modules

» Track reconstruction in |n|<2.5
extends to p; below 100 MeV

Muon chambers
- 3 different technologies

 Combined reconstruction with tracker
Acceptance up to |n|=2.4

* Typical resolutions (central p; cutoff due to material & B-field
region) at p;=10 GeV typically 1 — 3 GeV
o(pr)/pr < 1%, o(dxy) ~ 20 ym Low-energy p; resolution dominated
by inner track measurement
Magnet
« Superconducting solenoid
B=3.8T

Two-Tier trigger system
* Input: | B
up to 40 MHz bunch crossing rate Y1\
* L1 (hardware) ;
(multi-)object conditions using muon chambers
and calorimeters; output rate up to 100 kHz
* HLT (software)
PC farm using offline SW framework; output
rate up to a few 100 Hz
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YHEPHY Quarkonium reconstruction

in CMS

From collisions to tape ...

Quarkonia measurements are based on single and double muon triggers

- Access to quarkonium p; — 0 and / or highly asymmetric decays requires low
momentum thresholds for the muons

p: (GeVic)

« “Golden” data taking period in 2010:

- Double muon triggers without explicit p; thresholds
- Muon+track triggers for decays with a soft 2" muon

Events/GeV
-
<

CMS Preliminary
\s=7TeV, L_ =40 pb"

N I b
1 10 0?

ot 2
L mass (GeV/c?)
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YHEPHY Quarkonium reconstruction

in CMS

From collisions to tape ...

* Quarkonia measurements are based on single and double muon triggers

- Access to quarkonium p; — 0 and / or highly asymmetric decays requires low
momentum thresholds for the muons

p: (GeVic)
o

w

« “Golden” data taking period in 2010:
- Double muon triggers without explicit p; thresholds
- Muon+track triggers for decays with a soft 2" muon

n

1

- N W s,
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I
[

2011 data taking

* have to compete with high priority analyses
(searches, top physics, ..)

- Specific trigger windows around each

resonance (incl. sidebands) 0

- Low rate control triggers for monitoring
and measurement of the efficiency

_ gl "
20M Rurn, L=1.11fb Jy B
CMS \s=7TeV |y
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[ ow p_double muon

o ¢ high p; double muon

z

10?
dimuon mass [GeV]
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Upsilon

] . i AR AR R RN R AR RRREN RN RS B Ea R AN R RN RN R
* Purely HW di-muon trigger < b | CMS. Vs =TTeV | 2y CMS, /5 = 7TeV |
. - %00 F L=3pb" | &ooo L=3pb ']
- Efficiencies measured from data 2> - TESTE Bvroas ] <24 ]
on a 2D grid in py x || S0 1 1 Ste00 | :
: ’ | §400 |
e Di-muon system: | 200 |
. 1000 E
- Opposite charge, 8<M, /GeV<14, 800 *
ly|<2, good di-muon vertex 600 | :
) 400 3
» Good separation of the states! 200 Brrbinbn b
8085 9 95 10 105 1hadd BeN2/c?) 8 B85 9 95 10 105, 11madsH G/ /c?)
LT -g AR N _(%0.8;‘ T CMS Coll., PRD83(2011)112004
E i_*: 9%‘ 22%3‘\;\ légbf;;li;%v—: %077 L=~';pb"_, lyl<2 7 ReSUIts
Tk T(1S) ] 0.6f =
5ok 1 2 F esns |« Forp;<30and |y|<2 and
= b 4 . 1 x 0.5F —ves)/vas) i = T .
iy 0 1 ok E assuming unpolarized Y
= " 1 o ! %%j%%ji% o(pp = YAS)X) - BOS) = p )
K 1 oot o | E — 7.37 = 0.13(stat.)(syst.) = 0.81(lumi.) nb,
I i 1 oaEi = o(pp — Y2S)X) - BY(2S) — p*p)
T T TS A T 005‘H‘é‘H‘1‘0““1‘5‘“‘2‘0‘”‘2‘5”“9;0 = 1.90 = 0.08(stat.)(syst.) = 0.21(lumi.) nb,
00 5 10 15 20 2 (GaW/c) pY (GeVre) a(pp — Y(3S)X) - BY(3S) — ut p)

= 1.02 = 0.07(stat.)(syst.) = 0.11(lumi.) nb.

Y(2S)/Y(1S) = 0.26+0.02+0.04
Y(3S)/Y(1S) = 0.14+0.01+0.02
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Charmonia
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CMS - \'s =7 TeV

0.02 GeV/c?

. . . L =36.7 pb
* More experimental challenges: contributions of o ]
. . - — total fit
from feed down from heavier charmonia AND g [ beckground ;
from b-hadron decays (for 1S5) o t2<p, <15 Geve ]

09<lyl<1.2

« Combination of several triggers

» Selection of opposite-charge pairs with e o ST
2.5<M,, /GeV<4.7 and a good common vertex oI s o)

- Efficiency calculated as €([,)%€(Hs) %€, ortex X P 3 103’  CMS Preliminary {5 =7 TeV L =367 pb" |
- (single muon, vertex fit and correlation) S I S
* Yield extraction from a fit to the mass spectrum %102 o, D%O
Results (inclusive) N SR
» Cross section measurement up to p;=70GeV fo * I Pl
« Good agreement with first low-p; analyses X AF - mememes Y 3
(different triggers and analysis methods) g et A
« Errors in the range 2-9% (stat) and mostly 107 == s DU
<1% (syst) but dependence on polarization | g2 | Sneeraintes o shown T
scenario (here: unpolarized) CMS.PAS.BPH10.014 3x107 1 2 345 10 %0 Govic)
)

1
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Separation of prompt and non-prompt components

« Using proper decay time associated with di-muon vertex

u’s™'x

l,,=———m, [lp.|
J/ — J/ T
" u'sTa Y

 Fit takes into account
- Event-by-event estimates of the resolution

x=(SV-PV)_

u=py/lp;l

SV

* py

»é\ F | LI & LB | L | |||||||| | T 1 1]
£ CMS - \s =7 TeV
Qs L =36.7 pb”

<3 10 E —4— data

Z F — total fit

(2]

o -.-. prompt

2 ---- non-prompt

w

10F

""""

- O-function (prompt) and effective exponential (non-prompt)

- Background shape from mass-sidebands

Results

« Excellent agreement with
theoretical predictions:

- NRQCD (prompt): Chao et al.,
PRL106:042002, 2011

- FONLL (non-prompt):

Cacciari et al.,

JHEP 0103 (2001) 006
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Same experimental approach as for J/y
« But some adjustments to lower statistics:

mass difference M,s-M, ¢ fixed to PDG
values and Crystal Ball function para-
meters (resolution, tail) common with 1S

» Typical resolutions (both states):
- ~20MeV (barrel) / ~50MeV (endcaps)

« Again, good agreement with predictions
but measured y(2S) non-prompt
spectrum falls steeper with increasing py

o 007;

CMS Preliminary Vs=7 TeV L =36.7 pb™]

0.065 —o— non-prompt

0.06F ~prompt ]

0.0551 =
0.05F

] p——

200

Events / ( 0.02 GeV/c?)

T T E
CMS Preliminary - \'s =7 TeV J
L=36.7 pb” ]
—o— data

— total fit
«++-+ background

8< p.< 9 GeV/c
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—~ 10T T = o~
L E Vs=7TeV L 36 7 pb’ L
% F _ﬁh %e 00< (pzs; %
r e 1.2n< 0(x5)
(2 - % b_%_i_%_‘ —4— 1.60< 0 (x1) (\5
21—+ % b e 4 £
> F >
© C ] ©
o ‘T+#% F(%l% 4 o
el — /2
@ %= ER
z TF 4 1z
g ! gk
S0 SR
© £ % L
é [ CMS Preliminary 1 % I CMS Preliminary 4
o, X 43 i
10%E Iﬁngrtarr?tlgslnot shown %ﬁ % 10 t:gré?#tl%slnot shown % E
5 6 7 8910 20 30 5 6 7 8910 20 30
P, (GeVic) P; (GeVic)

~ 10% without polarization effects
Polarization: 12 — 20%

Lower systematics on cross section ratio:

0.03F =
0,025} - - Stat. error~3 - 5%
002550~ "95 20 25 . 30
pT(GeV/c)
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X(3872)

First “exotic” state measured at CMS

* Observed in the X(3872) — J/y 111" channel and measured relative to (2S)

* Reconstruction using a 4-track vertex fit, imposing the J/p mass on the
opposite-charge muon pair

» Cross section ratio for p; > 8 GeV and |y| < 2.2 CMS-PAS-BPH-10-018

o(pp — X(3872)+ anything)x BR(X(3872)—=J /vy a'7")
o(pp = Y(2S) +anything)x BR(w(2S)—=J /vy n°n")

- Most systematic effects cancel

= 0.087=0.017(stat) =0.009(sys?)

A
(=
(=]
o

4500

Candidates / 5 MeV/c?

w%%sw%%%

w00k ﬁ

35005—

3000_— %82 384 386 333 3.9 3.02
C Jhy e inv; ss [GeV/c?]

Candidates / 5 MeV/c?

2500 ,
F [}

2000( :

E Nyxzs72) = 548 = 104 (stat.)
1500 N, @s) = 7346 + 155(stat.)
1000

g Js=7TeV

500_ CMS Preliminary fL dt =40 pb”!

1 11 1 | 1111 | L1 11 I 1111 I 1 11 1 | 1111 I L1 11 I 1111
86 365 3.7 375 38 385 39 395 4
Jip ot invariant mass [GeV/c?]
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X(3872)

First “exotic” state measured at CMS
* Observed in the X(3872) — J/y 111" channel and measured relative to (2S)

* Reconstruction using a 4-track vertex fit, imposing the J/p mass on the
opposite-charge muon pair

« Cross section ratio for p; > 8 GeV and |y| < 2.2 CMS-PAS-BPH-10-018
o(pp — X(3872)+ anything)x BR(X(3872)—=J /vy a'7")
o(pp = Y(2S) +anything)x BR(w(2S)—=J /vy n°n")

= 0.087=0.017(stat) =0.009(sys?)

. x10°
- Most systematic effects cancel 3 - §
35— f ! i
< L - iy
E 30:— ﬂ - % 1 . S
- © . c f+
Update with 0.9 fb- = A
S el
L] [l m [
hd Estlmated yleld o 205 : l .186 3.‘88 3{9 3.92 3.94 3.96
L mJ/¥ + ') [GeV]
- N(X(3872)) = 5304 + 341 - J X(3872)
15 / & T
10 J‘,,.‘*MJ
;_.._--"""' \s=7TeV
55_ CMS Preliminary J L dt=896pb"
CMS—DP—2011—009 0_ L1 1 | | I | ) I | L1 11 | L1 11 | | I | ) I T | L1 11
36 365 37 375 38 38 39 395 4

mJ/¥ + 1'1) [GeV]
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diative x.decays

Observation of ¥, and ¥, in their decays to J/y vy

- Small mass differences:
AM(X 2, Xc1)=45.6MeV and AM(X.1,X0)=95.9 MeV

- Challenging measurement for a high-p; detector like CMS !
* In order to achieve best photon energy solution:
- Use conversions in the CMS tracker!

CMS Experiment at LHC, CERN 14+
Data recorded: Thu Oct 14 08:17:48 2010 CEST °
Run/Event: 147929 / 30084678 B
Lumi section: 31 /

e

Crossing: 8045444 | 2047 + 12 X Beam Pipe
I & Pixel

| & Inner Silico
1~ B Outer Silico
= Common

0.8
” +” -y ————

0.6

0.4

0.2
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Radiative x_.decays

Observation of ¥, and ¥, in their decays to J/y vy
* In order to achieve best photon energy solution:

- Use conversions in the CMS tracker! CMS-DP-2011-006
- Can achieve ~10MeV resolution J/y +y mass distribution
N
I O
— X, states are well resolved! < 1400 | CMS Preliminary

2 !

o 1200 [ Ns=7Tev o =9.6+0.2 MeV/c?

— C
gw:s Expegn:fr}that(")HtCifgg?1N7‘4s 2010 CEST E 1000 __ ILdt =11 fb.1 m"n = 3.502+ 0.001 GeV/cz
e : o [t [ amsssemene

< 800+

§ i p! > 0.5 GeV 1 Am, =95.9 MeV/c®

LW 600

400
b2 R
200 L,
0 o
3.2 3.4 3.6 3.8 4.0
2
My e = Mg+ Mppg (JIy) [GeV/c] _
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Quarkonia in Heavy lon Collisions

v

I

Reconstruction of dimuon states in Pb-Pb collisions at Vs,,=2.76TeV
« Using similar algorithms as for pp, but optimized for the high track density

in heavy ion collisions

in di BT s
- Main difference: reconstructions is 8 =276 Tev
more focused on prompt muons £ © W - weesnee
Luma; s$‘ E
¢

Suppression of quarkonia

* In deconfined matter quarkonia should .,
dissolve into open charm and beauty

« Using pp-collisions at Vs=2.76TeV as reference

- Nuclear modification factor

* For prompt

00
L0 N ey
N

00
collNMB Npp /8pp

J/p : Rya=0.20 £ 0.03 £ 0.01 (central)

A4 =

- At LHC B-decays to J/y becomes important
- First measurement corrected for

non-prompt component!

CMS-PAS-HIN-10-006

Events/(GeV/c?)

T
T

Jhp

Y(1,2,39)

" CMS Preliminary

Ly =7-28ub”

T

PbPb \[s,,, =2.76 TeV

p:>4.0 GeV/c
R SRR |
10 102
2:
m,, (GeV/c?)
7\\\‘\\\\‘\\\\‘\\\\‘\\.\\.‘\\\\‘\\\\\\\\
1.4 CMS Preliminary —
PbPb \[s\y =2.76 TeV
1.2~ -
L = Prompt JAp
1. | SL
B l\? AuAu \[s,, =200 GeV
0.8— v STAR preliminary —
L p, >5 GeVic, lyl<1.0
0.6+ L -
0.4 + b ‘ -
0.2F 0.0<lyl<2.4 = w
r 65< p, < 30.0 GeV/c
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
G0 50 100 150 200 250 300 350 400
Npart
centrality —
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Quarkonia in Heavy lon Collisions 2

Suppression of Y

« Expect successive “melting” according to the different binding energies:
- establishes a “temperature” scale of the medium
- strongest binding for Y (1S)

* For the 0-20% most central PbPb collisions:
Raa(Y(1S))=0.60 £ 0.12 + 0.10 A
- Possibly due to high feed-down

®
3
I

a) CMS, pp,\'s =2.76 TeV
pi >4 GeV/c,In'1<2.4
p: <20 GeV/c

L; = 225 nb™

o N
& oS
I I

Events /(0.14 GeV/c?)
(3]
[=]
]

E
o
I

- [ %)

J/p(1S) Y'(25)

[
o

1.2

CMS-PAS-HIN-10-006 -

N
o

%.(2P) Y'(35)
%(IP)  w(2s)

e
o

10 11 12 13 14
uw invariant mass [GeV/c?]

Suppression of higher Y states
« Using double ratio to reduce experimental uncertainties

Y(25+38), I Y(S)y _ (37 +0.19
Y(2§+3S),,/Y(1S), -0.15

+0.03

CMS, PbPb,\[sy, = 2.76 TeV
p$ >4 GeV/c,In'l1<2.4
p: <20 GeV/c

» For a true ratio of 1 the probability to measure

Events /( 0.14 GeV/c?)

. . L, =7-28 ub™
this or a lower value is < 1%
* Future data samples will allow separate } Lo H
measurements for the 2S and 3S states LT ‘%‘H
CMS Coll., PRL107(2011)05230: B | R R I

uu invariant mass [GeV/c?]
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Summary & Outlook

CMS shows an excellent performance in the reconstruction of low-
mass dimuon states, both in pp and PbPb collisions

» Thanks to a flexible trigger system these events can be recorded even
at high luminosity

* Quarkonia are reconstructed even at high track multiplicities

Differential production cross sections of y and Y states have been
measured, including the non-prompt component of the J/yp

* In general a good agreement with the theoretical predictions is observed
The production of x. and X(3872) has been observed

» The cross section ratio of X(3872)/y(2S) has been measured

Production of quarkonia is suppressed in PbPb collisions

» In particular a strong indication for the suppression of excited
Y states has been found

The next important step in the comparison to QCD predictions
will be the measurement of the Y and J/yp polarization
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