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quark model has renewed the interest in exotic spectroscopy

Charmonium spectrum

% Proliferation of new unconventional <, .
states above the open charm G| = —
threshold T%’ N L
* Theoretical picture far frombeing £ . =~ > "
clear! e T Unéxpedted states:
he (1P) w(1P) B PRODUCTION
» Opportunities at LHC to confirm o o
. @ BxKapp - X+ al
these states and study their e o oo
ag} (18 observed or predicted PC
prO pe I‘tIeS {conventlonal cc* state J

: Physical Motivations o
» Observation of new states that do not fit into the conventional

DD,
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Db,
DD

DD

» Focus on first targets in exotic spectroscopy program |n CMS

% X(3872) : First of the exotic charmonium states discovered by Belle (2003)

% Y(4140) : State reported by CDF in B*->J/w¢K*

presenting recent CMS results on:
% Production of X(3872) via decay to J/yntn

% QObservation of structures in the J/y¢$ mass spectrum
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CMS Detector Performance

Excellent CMS performances for quarkonium studies

» Muon system
% High-purity muon identification

¥ Good dimuon mass resolution (Am /m~0.6%)

» Silicon Tracking detector

* excellent track momentum resolution (Ap; /p~1%)
* excellent vertex reconstruction and impact

parameter resolution

» LHC luminosity and CMS trigger

% able to collect data at increasing
instantaneous luminosity

¢ about 5fb! from 2011 data at Vs=7 TeV
* clever triggers are essential ingredients
+ specific trigger paths developed
for different analyses
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Production of X(3872)
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The X(3872) State @ &

> The X(3872) was discovered by Belle in 2003 [ swsmmeeso
% properties studied at B-factories and Tevatron g B

¥* its nature still remai_ns unclear. Possibilities: };; m

¢ a cc(bar) charmonium state 3 W

¢ a multi-quark molecule: loosely bound state of D° and D*? *sse™ w0 “son” a0 asev:
¢ a tetra-quark: bound state of diquark and anti-diquark @

» A clean experimental signature for X(3872)->J]/yn*n~ decay
* ]/y reconstructed with 2p and combined with pairs of charged tracks

* 4 tracks fit to a common vertex with constralnt on J/\p mass to the

x10°
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X(3872) Production with 2010 data

> Incluswe production measurement in CMS based on 40 pb- 1
data sample from 2010

> 5000 5 CMS-PAS-BPH-10-018
= 45001 ' _
3 s000L ﬂ 1| % Measure the ratio between the X(3872)
80 /7 | and y(2S) cross sections times
83000, - branching fractions
_ o(pp — X(3872) + anything) x BR(X(3872) — [ /ym*m )
X(38[2)em . ~ o(pp — ¢(2S) + anything) x BR(¢(2S) — J/pmtm)
::izji a6 105 ) - most of the systematics cancel
: Vs=7TeV I3 kinematic region: p-(X)>8 GeV & |y(X)|< 2.2
500;_ CMS Preliminary f]_,dt 40 pb" / g pT( ) |Y( )l
TR T R TR T R TR R = 0.087 4+ 0.017(stat.) £ 0.009(syst.)

86 365 3.7 375 38 385 39 395 4
JAp n* invariant mass [GeV]

complementary to LHCb

/5 < p(X) < 20GeV <

»La | ==z,
2.5 <y(X)< 4.5 ‘” III =1 M=
o(pp — X (3872) + anything) B(X (3872) — J/z/m ™) =2
= 5.4 £ 1.3(stat) £ 0.8(syst) nb
Gun Phys. J. C 72 (2012) 1972 )
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Cross Section ratio of X(3872) wrt y(2S) i

> 1e larger event sample collected in 2011 (4.8fb1) allows for |
more detailed studies

|||||||||||||||||||||||||

sections times BR(X(3872)->1/yn*n) is § i EEZ) O a7

measured as a function of p; I VAR -

« from 10 GeV up to 50 GeV g P +’*+++++,Lm ;
O ¥

¢ with rapidity |y(X)| < 1.2 i3 P,

3_52_ Signal: Gaussian +++++H*++é
% X(3872) and y(2S) yields are extracted S;Bﬁf'fgf?“f‘?: 20 ?rfjef ChéPY o
from fits to the J/yr*n invariant-ma 3% 38 3% 33 3% 4

m(Jy ') (GeV)

distribution | 18<p; <30GeV |
5 o T
= 18- CMS \s=7TeV
R = e/ M > y(29)
2 141 I || 12 -
< >1/J(25) g 12 | Signal: 2 Gaussians |
8 12: , Background:2nd -
% corrected for acceptance and o . order Cheby.
.- . . . 4F USRS o
efficiency from simulation N E
¢ data-driven verification of ¢ evaluation 8% ses a7 am 38

m(J/¥ ©'r) (GeV)
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Results on inclusive Cross Section ratio

» “fiducial” R within a phase space » fully acceptance correctec R

window defined by kinematical S| O TGS Bty Ve T
cuts on uand & | 0] ity SO
g 012p T oM Prelim _7Tev X -
S re |m|nary \ s = e oGy B T
-333 i L=48fb" 1 % 850'08__ ]
RS Jynmlyl<12 <| o g + {. |
© I ]
i 1 y  0.06[" 4 :
0.08_} . o [ ]
I } } | 1 P> 4GeV in nH <1.2 0.04:— —
0051 1 |p*>3.3GeVin1.2 < ny <24
0.04f - [pt>7GeVin [y* < 1.25 0.02" A
i 1 (pt*>0.6GeV & AR(m, <05 T P U TR TUREN FUUIN SOOI P
0.02- 10 (T4 Y015 20 25 30 35 40 45 50
i ] p.(Jy ntm) (GeV)
Y075 20 25 30 35 40 45 50 R = 0.0662 £ 0.0038(stat) £ 0.0064(syst)

pT(J/q! nt ) (GeV)

both X(3872) and y(2S) assumed unpolarized
R fiduciar = 0.0700 = 0.0038(stat) + 0.0038(syst)

* Typical uncertainty in individual p ; bins ~10% stat. and 6-7% syst.
* Largest systematic uncertainty from lack of knowledge of the X(3872) p; spectrum

» No significant dependence on p-
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH11011
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Fraction of X(3872) from B Decays
> Based on the study of the “pseudo-proper-decay-length”

ut v

% 1500 Z— ,ﬂ . [ X(3872) primary seconda w
= di okt CMS Prefiminary s ”“'_ z - Mx(3872) vertex e
@‘140(;,?*_ H\'ﬁ'— l h L=481b" R ff 3872) _ ‘y ___IT_ 7‘[+
@ 1300 HMFH‘\& * + rj 5;20 SOV - Q o
%fgz H‘* HH#hT 7 % X(3872) signal yield extracted from Jiyrn*n
S iy invariant-mass fits

1;22_ fxy >100um mﬂw}k Non-promot fraction = signal yield (B enriched sample)

s0f  18<pT<30GeV E promp ~ signal yield (entire sample)

S TR I TR T I

m(J/y ') [GeV]
* y(2S) data used as control sample

¢ to estimate {xy resolution and pile-up effects
from data

» The non-prompt X(3872) fraction
is about half that of the y(2S)

non-prompt fraction = 0.259 + 0.029 (stat.) = 0.016 (syst.)

IIIIIIIII||II|IIII|:IIIIIII|III
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* no significant dependence on p;
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> Prompt X(3872) cross-section times BR(X(3872)9J/\|m+Tc-)
extracted from:

prﬁmpt

(3872) — J/pmmr)
X(3872) B(X /

non-prompt X(3872) fraction from PDG

. : published CMS results of prompt y(2S) cross section
cross-section ratio R
(up to 30 GeV, |y| < 1.2) - JHEP 02 (2012) 011

. B(y(25) = J/ynn)
\ B(w(ZSY) — p)

J

S 'CMS Preliminary \s =7 TeV

3 L L=48fb"

B Jynmlyl<1.2

ST

10" E

%'_ I t Integrated prompt X(3872) cross-section x B
5 S ; in 10<p(X)<30GeV |y(X)|<1.2 :
gé% oPOMPt(py 3 X(3872) + anything) x B(X(3872) — /g )
©

X 1.03+£0.11 (stat.) £0.15 (syst.) nb

M 102 E

t 1 & First time the X(3872) production is measured
differentially in pT

10712 14 16 18 20 22 24 26 28 30
pT(J/w n ) (GeV)
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» Decay properties are investigated by measuring the ntr

invariant-mass distribution from the decays to J/y n*n

% X(3872) yields are

extracted from J/yntn

invariant-mass fit for
slices of m(n* ")

¥ corrected by relative

acceptance and efficiency

1/ do/dm__ (GeV™)

1 4 IIIIIIIIIIII | T L | T LI} | T LI
- 'Eaﬁ%‘g;v CMS Preliminary Vs =7 TeV
12F ly| <1.25 L=21fb" -
r— Simulation: X(3872) — Jiy p 7
1 0 Fo---- Simulation: X(3872) — J/y no-p /'

0 :_+ ............... _:
1111 | 1 1 1 1 111 I I 1111 | 11 1 )
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w
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o
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a o
(=] o
S, R
=
= =i
e
L -
e

Candidates/ 1 Me

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

:\ 3084 3.86 3.88 3.9 3.92 3.9
. m(J/y ') (GeV)

Signal: Gaussian
Background: 3 order Cheby.

normalized to the integrated cross section for 0.5 < m__ < 0.78GeV

% Data shows better agreement with predictions from simulation for
intermediate resonant p® > n*n~ decay, confirming previous indications

by CDF and Belle

Exotic Quarkonium States at CMS -- Kruger 2012

11



Search for structures in
the J/y¢ Mass Spectrum
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gl
Search for structures near J/y¢ threshold  m | &

» The observation of Y(3930) 1] near the J/yw threshold
motivated searches for similar structures near J/w¢ threshold

~ 10 CDF Run Il Preliminary L=6.0 fb™
O .
S 9- m = 41434727 (stat) £ 0.6(sys) MeV
» CDF observed a narrow peak 2 sl § - 155104 wian)  2.5(sy5) MeV
. L z
with a significance greater = I 5> Jup k' )]
than 5c [2] 2 s
o
s 5 sl
5 5| s
§ 1 Jr U
» LHCb did not confirm the R S I T I

m(u K 'K)-m(u*p) GeV/c?

existence of Y(4140) [3]

[1] BELLE Phys. Rev. Lett. 94, 182002 (2005), BABAR Phys. Rev. Lett. 101, 082001 (2008)
[2] http://www-cdf.fnal.gov/physics/new/bottom/100701.blessed-jpsiphi6.0/myFigl1.eps , arXiv:1101.6058v1
[3] Phys. Rev. D85 (2012) 091103
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CMS Search in the J/w$ Mass Spectrum

» Search for states in the J/yw¢$ mass spectrum via the
B+->J/y¢ K+ decay

ut v * Largest Bt*->J/y¢ Kt sample
primary secondary, 7 _ 1- collected in the world up to date
vertex vertex
Q K+ . CMSPreliminary, fs=7TeV,L=52 %"
K_ % - —— Data i
+ - — Fit -
B K+ O 2000 & —Slignal —
o N .- Background |
O L _
8 - Mass = 5279.6 £ 0.6 MeV
= 100 ey Width = 9.7 £ 0.7 MeV ]
_ 2 - e g Signal = 2478 + 162 -
The B* sideband subtracted m(K*K") c - . ]
where m(3/y¢K*) is within 3o of m(B*) O ML, 9967<m(u)<3.1967 Gev .
- 7CMS PreTIiminary,\E=7 Tev, L=5.2 fb™ - 1.008<m(K*K)<1.035 GeV ¥
[ = —e— Data [ ]
= 4001 500 — —
: —— Breit-Wigner r T
S 300 . C i
@ r Mass: 1019.4i0.1Me\f: L | | | _
g 200¢ Width: 4.7:£0.4MeV 1% 52 525 53 535 54 545
= F 1 ] ) m(J/yK'KK") [GeV
§ % ] Signal: Gaussian Uy ) [GeV
OF U % % — i Background: 2"d-order Chebyshev polynomial
1ob 1 E
1o 1 .02 1.04 106 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH11026

m(K'K") [GeV]
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J/wé Invariant-mass Spectrum e (B

To search for possible structures in J/yw¢ using the B+9J/\p<|> K+
decay, the mass difference Am = m(u*uK+K) — m(utp) is used
» Extracting the Am spectrum
* Divide the dataset into the 20 MeV Am bins

* Extract the number of B events for each AmM |74 Mean fixed to the PDG B mass
by fitting the J/yo¢K spectrum ¢ RMS fixed to the signal MC prediction

% Plot the B yield as a function of Am

CMSPeIm nary, \S=7 TeV, L = 5.2

- HErrrrrrrrrrtrrrrrrrr v H >160—|_""|""|""|""|""I""_I-
% 70E- DatasetA 3 %" g DatasetB 1
S b pr(3/w)>7GeV] & eop + pr(3/)>7GeV:
2 sof + 3 31205_ + ‘|’ & prH>4GeV -
o = 3 E 100; ?
s “F 1 2 oft + 3
A HH‘SMH :
e T # #ﬁﬂ ]
i }L WL % E J( ;

O:|— .......................... i o \ . - —|:-

& 1.4fF S S 1.af E
g gz;:1 1.1 1.2 1.3 1.4 1.5 1:_6 Egz% 1.1 1.2 1.3 1.4 1.5 1:56
T miu KK - mntu)) [GeVl Mm@ KK - metwd) [GeV]

¥ Correct the spectrum by relative efficiency
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Structure in the J/y¢ Mass Spectrum

_ . *only background hypothe5|s
» The relative-efficiency-corrected Am S Prolminary. =7 Tev, =62 "

distribution from B*>J/wd K* decays =... B

+ ——— event-mixing (Jy, 6, K*

~——

----------- event-mixing (Jiy, ¢ K

Background: 3-body phase space
Signal: S-wave relativistic Breit-Wigner functions
convolved with a Gaussian resolution function

;\_+\_IH|I\H

B I I S P E—
m(u W K'K)-mu*p) Gev
¥background + 1 signal hypothesis ¥background + 2 signal hypothesis
> 300CMS Prellmlnary \f_-7 TeV, L= 22;1’[31 IIIIIIII % 300CMS Prellmmary (77. Ti/: sztf'b1 ‘‘‘‘‘‘‘
[ - —— Data C ata

E 250; """"""""""" three--body PS E 250 three--body PS

N C —— 1 BWs + three--body PS N r —— 2 BWSs + three--body PS

E)_ 200 - 'g_ 200;* =

« 150 + + = < 150 + ]

s P s b

Z w0 [ N\ I T, + l( W Z 1001 —

o + H i | AT g

o + off +

HI |1|.1‘ - ‘1.‘2‘ - - 14 - 15 I HI ‘1‘.1‘ - ‘1.|2‘ - ‘1.‘3I I+‘ _I1.‘4‘ - ‘1I5I |
m(u u K'K)m(u'y) [GeV] m(u WK'K)-m(u*w’) [GeV]
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2 f:,';gﬁ;;'é\\:
Robustness of the Observed Structures e ﬁ

Several checks to validate the robustness of the two structures

CMS Preliminary, VS =7TeV,L=5.2 b

* Variations on selection cuts, Am binning, %2 +s Weighting Al Am,

4

) = 2200
background and signal shape & 200°
] ] %—160; +
% Background-subtraction technique based £ o Jr t t ﬁ +
on sPlot formalism S 1oo§-+ T +++ ﬂHJf %
S o * JF E
* Tighter B selection to reduce the w0 1
combinatorial background S C R 1 S T BN I S ¥
MW K'K)-mu'w) [GeV]
¢ B purity ~60% within £1.5¢ of m(B+) ¢ similar Am spectrum
5 5o CMS Prefiminary, ¥§=7 TeV, L=5.2fb" . . 1OOCMS Pre"m'ﬂafy\r'”i’: 2;:31 ——
E 450;_ :,E:ta E b e —— three--body PS
o 4005 — Signal = S 8o — 2 BWs + three—-body PS
g 3505_ «} ------ Background 3 ld_> L 4
S oo
S 250F Signal = 1047 +53 ;‘-@: i 1
— § S\
150F sola| s + + . !
w00 0 [T = Y i
502 07-" ++ ]
0% 57 5 53 53 .54 545 B I R 1 S - S R I+
m(JAYK'KK") [GeV] m(u* KK )-m(u*p) [GeV]
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A Results on Structures in the J/y¢ invariant mass | | &

——

» The efficiency-corrected Am = m(u*uK+*K) — m(putp) from
the exclusive B*>J/y¢$ Kt decays

CMS Preliminary,NVs=7 TeV, L=5.2 fb™'
I L

300
% - —e— Data
E 250 :_ ..................... three_-body PS Mass (MeV) SlgnaIYleId
8 E —— 2 BWs + three--body PS First Peak 1051.5+20 355 + 46
‘g_ 200 . Second Peak 1220.0 + 3.0 445 + 83
N :
£ 150 + + + —  Fitted mass of the two structures:
™ - i
Z 100 + - m (1st) = 4148.2 £ 2.0 (stat.) £ 4.6 (syst.) MeV
N R e TR . o = m (2"d) = 4316.7 £ 3.0 (stat.) £ 7.3 (syst.) MeV
50 :_ + """"""""""" % + [ T _:
ofF—— | +

1 1 1 1 ‘ 1 1 1 1 | 1 | 1 1 | 1
1.1 1.2 13 14 1.5
m(u* W K'K)-m(u*p’) [GeV]

» observed a J/y¢ structure at 4148MeV with a significance
greater than 5¢

» evidence for a second structure at ~4317MeV in the same
mass spectrum
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» The CMS Collaboration has an active exotic spectroscopy program

» Production of X(3872) via decay to J/yrn*n

* ratio of cross section times branching fractions of the X(3872) and y(2S)
¢ no p; dependence up to 50GeV

¥ fraction of X(3872) from B decays is measured <first time at LHC
¢ f.=0.261 +£0.028 (stat) £0.016 (sys) about half that of the y(2S)

% prompt X(3872) cross section xBR measured as a function of p; <first time
* dipion invariant-mass spectrum favors the decay of an intermediate p°

» Structures in the J/w¢$ mass spectrum at 4148MeV and ~4317MeV

» These results demonstrate the CMS potential in the exotic
quarkonium sector

» More to be expected with the large data sample from 2012
¥ should help to better understand the nature of the observed structures
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BACKUP
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Systematic uncertainties on X(3872) results

o
/A T

Systematic uncertainties on cross-section ratio R:
» Signal and background parametrisation-> 1-2%
» Data-Driven estimate of nr efficiency and muon efficiency->1-2%
» Limited MC statistic > 1%
» y(2S) pT dependence - 2-4%
» Lack of knowledge of the pT distribution of the X(3872): 3-10%
>

X(3872) decay kinematics> 1-2%
Polarization scenarios: rough estimate of relative shifts
 from few % up to 30% if only one state is assumed polarized in extreme scenarios
* up to 30% (90%) in Collins-Soper (helicity) frame for both states in extreme pol. scenarios

Systematic uncertainties on nonprompt X(3872) fraction:
» Primary vertex selection >1%

» Background parametrization > 2-3%

» Difference between prompt and nonprompt efficiencies 2> 3-4%
» Decay length resolution >4%

» Effect of PileUp = 2%
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Structures in the J/y¢ mass spectrum &

% Sideband subtracted KKK mass *The x projection (J/y¢ space) of dalitz

distribution in Phase Space MC(red) plot for the generated events (red) and
and in data (black). for the reconstructed events (shown as

black, after all event selections). The
dalitz plot is obtained from CMS Phase

CMS Preliminary, \/§=7 TeV, L=5.2 fb’
_|\III‘\III‘III\'II\\'II\I'III

0.08 U L T T_]
ok D 7 Space MC.
0.06 :_ —=— CMS Phase Space Simulation_E CMS Simulation Rec Level 3-body Phase Space
. C - _I T | T TTT | T TTT | T TT T TTT ‘ T TTT | T TTT ‘ T TTT | T TTT | T I_
0.05 o +H» = 0.014 — Gen Level 3-body Phase Space—
0.04F- {l} %H; #%% %% . = 0.012 -
o + = C
003 f $ ’ ﬂt ﬂ» IE: E 0.01— =
0.02 + — B
ot 1t + E 3 0.008- .
0 * - 0.006 -
:l I ‘ L 111 ‘ L 11 | | | | I 1 |1 | I 111 | | | | 11 |: :
005 46 17 18 19 2 21 22 0.004 §
m(K'K'K") [GeV] -
0.002— —
0:|||.-4|||||||\||||||||\|||||||||\||||||n.a|||_
16 17 18 19 20 21 22 23 24

m2(Jyo) [GeV?]
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CMS Detector

» Silicon Tracking detector » Muon system
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