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Compact Di-Muon Solenoid — u reconstruction & triggers
» Tracking system

2 Good p; resolution (down to Ap, /p, =1% in barrel)

2 Tracking efficiency >99% for central muons

» Good vertex reconstruction &
impact parameter resolution down to =15um

>» Muon system

» Muon candidates by matching muon segments and
a silicon track in a large rapidity coverage (jn|<24)

» Good dimuon mass resolution (depending on |y| I M/M" 06+15% () J/y:! (20+70)MeV )
» Excellent (high-purity) muon-ID: e(ulx,K,p)=<(0.1+0.2)% [fake rates estimated in MC and data]
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Compact Di-Muon Solenoid — u reconstruction & triggers
» Tracking system

2 Good p; resolution (down to Ap, /p, =1% in barrel)

2 Tracking efficiency >99% for central muons

» Good vertex reconstruction &
impact parameter resolution down to =15um

>» Muon system

» Muon candidates by matching muon segments and
a silicon track in a large rapidity coverage (jn|<24)

» Good dimuon mass resolution (depending on |y| I M/M" 0.6+15% () J/y:! (20+70)MeV)
» Excellent (high-purity) muon-ID: e(ulx,K,p)=<(0.1+0.2)% [fake rates estimated in MC and data]

» Trigger system A peepe— iger pths
CMS \s=7TeV
> fast HW (Muon Detector based) triggers (L1) : —A.

WY
i 'ow p_ double muon
high P, double muon

SW triggers with full tracking & vtx recon. (HLT)
» rare decays/quarkonia almost 100% BKG/Signal paths

>» ~10% of CMS bandwidth (¥10kHz @L1) to flavor physics

Data Parking in 2012: clear benefits having ~120Hz
on top of the 25-30Hz on prompt stream (@HLT)
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Outline

2> The following “exotic” quarkonium-like

states will be reviewed:

LHCP 2015

> X(3872)

> Y(4140)
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X(3872)  1HEP 1304 (2013) 154
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The X(3872) - |

T

PRL 91, 262001 (2003) |

2> First exotic states discovered by Belle in 2003 300 |- 1
in the decay B — K X(3872) — K (J/Y n* r°): B— Ky(25)| | ]
2 Quickly confirmed by CDF and DO with inclusive pp collisions: \\ B KX(3872)
PRL 93, 072001 (2004) 230 [
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After more than 10 years no definitive answer on the nature of the X(3872)
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The X(3872) - Il

» After more than 10 years no definitive answer on the nature of the X(3872).
Main hypothesis are:

» Loosely bound molecular state: suggested by proximity to DD threshold (JFC =01, 1%)

The size of the X(3872) as a DD* molecule is determined by its scattering length which
in turn depends, by guantum mechanical considerations, upon the binding energy:

X(3872) would be a large and fragile molecule with a miniscule binding energy

» Tetraquark (JP¢=1*)

Mesons

» Conventional charmonium: assignments would be x,(2P,) or n, (1!D,)
and quantum numbers would be respectively JP¢ = 1** or 2+

cc — pJ/y ~ ruled out by the fact that should be a pure isoscalar state; X(3872) shows
an equal amount of isospin components (1=0 & 1=1):  me(y o 1/y Fivn—nt
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» After more than 10 years no definitive answer on the nature of the X(3872).
Main hypothesis are:

» Loosely bound molecular state: suggested by proximity to DD threshold (JFC =01, 1%)

The size of the X(3872) as a DD* molecule is determined by its scattering length which
in turn depends, by guantum mechanical considerations, upon the binding energy:
X(3872) would be a large and fragile molecule with a miniscule binding energy

» Tetraquark (JP¢=1*)

Mesons

Conventional charmonium: assignments would be x,(23P,) or n, (1'D,)
and quantum numbers would be respectively JP¢ = 1** or 2+

O

cc — pJ/y ~ ruled out by the fact that should be a pure isoscalar state; X(3872) shows

an equal amount of isospin components (1=0 & 1=1): BF (X — J// {7+ =0y, > w

..... —~ =0.8+0.3
BF (X — J/! ("*"7)

» LHCb made a sophisticated angular analysis [ PRL 110 (2013) 222001 ] of the whole decay chain
B* — K* X(3872) — K* (J/i ni* m~) dropping the assumption of lowest possible orbital angular
momentum in the X(3872) sub-decay and unambiguously determine the quantum numbers
to be JPC = 1** under more general conditions. No hints for a large size of X(3872).

» Pure molecular model is not supported by recent LHCb measurement of the radiative decay

NPB 886 (2014) 665
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X(3872) at CMS

<A0° R
2 CMS can easily reconstruct the X(3872) %’, . 1 CMS Vs =7 TeV
in the decay channel J/\(—up)rm = 100f | 10<p.<s0Gey  L=48M
o ;- Iyl <12 —E:atgim )
. “ 80 | si?;%a roun
» With 4.8fb! of data at 7TeV reconstructed % : s 0
about 12,000 X(3872) signal events o . N
T 60 & 1 }
g | 2
. o g 12 1
» CMS studied: 3 h %
2 Cross section ratio w.r.t. /(25) 3 Y “5';“3‘3“?35,%; |
2> Non-prompt component vs p; :
X(3872
» Prompt cross section | [ 4
» Invariant mass distribution of the m*rr system 8.6 3.7 3.8 3.9 4
m(Jly ') [GeV]

LHCP 2015 Leonardo Cristella 6/15



X(3872) at CMS

A0 R
2 CMS can easily reconstruct the X(3872) %‘, . CMS Vs =7 TeV
in the decay channel J/Y(—uu)rc = 100 p 10<p <50Gey  L=48M"
g o) < = ot fi
' - background
. @ 80 signa
» With 4.8fb! of data at 7TeV reconstructed % : L .
about 12,000 X(3872) signal events o . 3
T 60 ]
C | b
» CMS studied: 40: | 1 3
>» Cross section ratio w.r.t. (/(25) //J &L 5
» Non-prompt component vs p; 20,
» Prompt cross section '
» Invariant mass distribution of the m*rr system 8.6 3.7 3.8 3.9 4
m(J/y ') [GeV]
[ PR AL AN )
12'1 a‘;i)«‘?z?v |.=2.1\:::-‘ X 1

» The 't invariant mass distribution from X(3872) decays to J/ym*n
is measured in order to investigate the decay properties of the X(3872)

>
>
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e Simdation: X(3872) — My 1'% (non-resonant) ¢
+ = Simedaton: X(3872) - Jy p e

10~ 11

1/c do/dm,, [GeV]

Studies at CDF and Belle suggest that X(3872) decays in J/ and p°

The spectrum obtained from data is compared to simulations with
and without an intermediate p? in the J/ym*n decay: the assumption
of intermediate p° decay gives better agreement with data.

F i l 1 ]
05 055 06 065 0.7 075 0.8
m(n'n’) [GeV]
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Cross sections ratio & non-prompt fraction

2 Aratio of the cross sections have been measured to cancel out many systematic sources:

n . n + %
| o(pp X(3872)+anythmg)#B(X(3872) Jyrtm )_ Ny ss72 #8058, .o,

R! =
" " . 1" + $
! ( pp (28) + anythlng)#B(w(ZS) J/l/j T I ) Nl/J(ZS) #A\xwgn) #%X(3872)

mo‘? kil o ACQ‘JS \\.-.7"4’1‘

on L=48M'

Ny <12 2> For10<p;<50GeV & |y| <1.2:

0.00| R =0.0656 + 0.0029 (stat.) + 0.0065 (syst.)

008} . . {2 The ratio shows no significant dependence

0.07| ' I | on the p; of the J/Yr*r system
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Cross sections ratio & non-prompt fraction

2 Aratio of the cross sections have been measured to cancel out many systematic sources:

R

n . n + %
| o(pp X(3872)+anythmg)#B(X(3872) Jyrtm )_ Ny ss72 #8058, .o,

on
01
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0045

CMS V=T TeV
L=48N’
<12

20 30 .40 50
p,(Wy =* %) [GeV]

' (pp" " (2S)+anything)#B(y(29)" J/y a7’

> For10<p,;<50GeV & |y| <1.2:
R = 0.0656 + 0.0029 (stat.) + 0.0065 (syst.)

on the p; of the J/Yn*m system

» The X(3872) can be produced from decays of B hadrons in a
secondary vertex related to the decay length (Ixy) of the B meson

>

>

>
7/15

Events with X(3872) from B decays are selected
by requiring /,, > 100 um: non-prompt fraction =

# of X(3872) from B
# of X(3872)

The fraction of X(3872) produced from decay of B

does not show a dependence on p{J/ i)

For 10 < p;<50GeV & |y| < 1.2:
X(3872) non Pﬁgpnggicsfraction =0.263

0.023 (stat.) £ 0.016 (syst.)

Leonardo Cristella

2 The ratio shows no significant dependence
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Prompt X(3872) production cross section & ' system

» Putting together the previous measurements, the production of X(3872) state is measured
for the first time as a function of transverse momentum as:

B 7 ———_ b T
— ~ +
prompt + N fX 3872), a /prompt + = B(QD(ZS) — ]/4177 7T )’\
o, -B(X(3872) = J/¢ptT )= —= 'P( -B 28—)11))(~
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Prompt X(3872) production cross section & ' system

» Putting together the previous measurements, the production of X(3872) state is measured
for the first time as a function of transverse momentum as:

'% (G Bp(2) > D& Bly(25) - Iy 7

Sp(25 7)N 3(47(28) — ‘ll+}l_),

-———

measured by CMS in JHEPO2 (2012) 011 from PDG
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Main systematic uncertainties are related to the
measurements of R and prompt ¢(2S) cross section

X(3872) and {)(2S) are assumed to be unpolarized

Results are compared with a theoretical prediction
based on NRQCD factorization approach by
Artoisenet & Brateen [PhysRevD.81.114018]

with calculations normalized using Tevatron results,
modified by the authors to match the phase-space
of the CMS measurement

The shape is reasonably well described by the theory
while the predicted cross section is overestimated
by over 30
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Prompt X(3872) production cross section & ' system

» Putting together the previous measurements, the production of X(3872) state is measured
for the first time as a function of transverse momentum as:
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» Main systematic uncertainties are related to the
measurements of R and prompt ¢)(2S) cross section

» X(3872) and (2S) are assumed to be unpolarized

Predictions by Artoisenet & Brateen assume,
within an S-wave molecular model, the relative
momentum of the mesons being bound by an
upper limit of 400MeV which is quite high for a
loosely bound molecule, but they assume it is
possible as a result of rescattering effects.

On the other hand, an upper limit lower of one
order of magnitude would imply lower prompt
production rates of few orders of magnitude
[Bignamini et al., PRL 2009, 103(16)]
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X(3872) production at Run-II

» Run-ll data taking started this year at Vs = 13TeV with the first bunch of data recorded in July

>

LHCP 2015

The plot shows the invariant mass of J/i t*ri~ where is visible the X(3872) signal beyond the )(2S) one:

38 pb (13 TeV)
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Search for X, [beauty partner

LHCP 2015

2 HQ symmetry suggests an X, analogous of X_..
Molecular model suggests to search it close
to BB threshold (Swanson, 2004).

2 CMS looked for X, — Y(1S) n*rn” decay

seemingly analogous to X(3872) — J/y i

Analysis strategy: search for a peak other
than known Y{(2S) & Y(3S) in the Y(1S) n*rt~
spectrum within 10-11GeV

95% CL upper limits set on the ratio R
of the inclusive production Xsections times

BFs to Y(1S) *rt” (the one for X, is unknown):

P O’(pp — X, — Y(lS)Jt+.7'L'_)

=~ o(pp—= YRS = Y(UAS)' )

Observed UL range: 0.9% to 5.4%
(similar result by ATLAS)

of the X(3872)]
g 1 [ T T T | T T T | T T T | T | T T T ]
§ L rww T\
B 2 e | AR cMs T
o {§=8TeV 0.
04— L=207f" 4o
10° o 50
10 — —
- . ’_“_“_”____________'_: ______________________________________ 6Q —
1010 |-—— Observed v <
— Expected for R=6.56% " —
per 1012 =1 PR S i Rt Sl M MY M B A [0 |7QT=
\E) | | | T T T T
5 Ccms ) + 1o Expected
= 10% |~ s =8 TeV ]+ 20 Expected
W L Ladorlt 6.56% .. -~ Median expected
§ 6% | —— Observed
D 40.6 -
2°/o I~
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| | |
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Search for X, [beauty partner of the X(3872)]

g [ T I I I I ]
2 HQ symmetry suggests an X, analogous of X_.. S ! WY V v—\rz,;\ﬁ_
Molecular model suggests to search it close B T | A cmMs 2
to BB threshold (Swanson, 2004). e ls=8Tev "
10— ] L=207f" 4o
» CMS looked for X, — Y(1S) *ri~ decay 108 L o
seemingly analogous to X(3872) — J/ ' . -
10° = = o, -
Analysis strategy: search for a peak other oo L 6a.
than known Y(2S) & Y(3S) in the Y(1S) n'r” L S P 4
spectrum within 10-11GeV T, EEE—— RS e .
’\CE:‘ T T T T T T
95% CL upper limits set on the ratioR 5 Cms ) + 1o Expected
of the inclusive production Xsections times E 13:::: - ‘f i:oT;‘:b" :I;:Z.E""“c“’dt 3
BFs to Y(1S) i*rt” (the one for X, is unknown): E:’ Sic. - [Pt ———— e "05;:33939? <
2 4% |
= O’(pp — X, — Y(lS)J'lf+.717_)
VIS _
~ O'(pp —=Y(2S)—= YUS)7*7 ) 2% |
Observed UL range: 0.9% to 5.4% b 1 o m % %
(similar result by ATLAS) 10 101 102 103 104 105 106 10.7 10.8 109 11

M, [GeV]

» According to Karliner & Rosner [PRD91 (2015) 014014], this decay should be forbidden by G-parity
conservation; while for the X(3872) the isospin-conserving decay to wJ/{ was kinematically suppressed,
the same is not true for a bottomonium-like JP¢ = 1** counterpart. The strategy for X, observation should
include search of X, — Y(1S) w(—n*nn°), X, — X,,(1P) (—Y(1S)y) n*r, X, — Y(3S)y (not easy: for Run-Il)
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Y (4140) rie734(2014) 261
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The Y(4140): another long story...

2 CDF (2009) reported evidence (@3.80) for narrow peak in J/¢ mass « 10— 2rXiv:1101.6058 (2011) _
spectrum, close to the kinematical threshold, in decays B* — J/WpK*

2 CDF (2011) presents update analysis with larger dataset, Y(4140)
(6.0fb vs 2.7fb1) observing the so called Y(4140) state: [> 50]

2 Belle (2009) searched and did not find this state in the same decay

2 LHCb (2012) has searched for these two states Y(4274)
reconstructing 383 +22 B* — J/Y¢pK* candidates [>3.10]

» LHCb observed no signals; this measured UL
implies a 2.40 tension with CDF

m(u*u K K‘) m(p w) [GeV/c ]
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The Y(4140): another long story...

2 CDF (2009) reported evidence (@3.80) for narrow peak in J/¢ mass « 10— 2rXiv:1101.6058 (2011) _
spectrum, close to the kinematical threshold, in decays B* — J/WpK*

2 CDF (2011) presents update analysis with larger dataset, Y(4140) | _o—

(6.0fb vs 2.7fb1) observing the so called Y(4140) state: [> 50]
2 Belle (2009) searched and did not find this state in the same decay
2 LHCb (2012) has searched for these two states Y(4274)
reconstructing 383 +22 B* — J/{i¢K* candidates [>3.10]
» LHCb observed no signals; this measured UL o '
implies a 2.40 tension with CDF 111, 13 14 1.52
m(u KK )-m(u*u’) [GeV/ieT]
Interpretations

2 Masses are well above 3770MeV open charm threshold; the conventional charmonium should decay
into DD, with tiny B.F. to J/¢ (OZI-suppressed)

> For the Y(4140) decaying several interpretations have been proposed:

D; [_); molecule, that is the molecular strange partner of the Y(3940)
CSCS tetraquark

threshold kinematic effect

hybrid charmonium Y414

weak transition with D D, rescattering ﬁ

. e
LHCP 2015 Leonardo Cristella 11 / 15
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CMS search for Y(4140)

» Search performed with 5.2fb! of collision at 7TeV

primary
vertex

LHCP 2015

secondary H
vertex

B+

Leonardo Cristella

CMS,Vs=7TeV.L=5210"

g 2000 ' 1008 <m(K*K") < 1035 GeV 7
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g o tom o
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g oo ;
O 1000 3
8001 N L=
sook. 2480 1 160 B* events 3
400 =
200 —
E A P B B B
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> Largest B* sample to date
el 20 times CDF
el 7 times LHCb
m(J/YKKK) € [m(B?) - 30, m(B?) + 30]
CMS, {s=7 TeV, L=5.2 fb’’

> F | T T 3
% 500 —+— Sideband-subtracted Data
C —— Fit ]
>, 400F -
9 C ]
8 300F =
"6 C ]
S 200F -
(®) C ]

100}

ot T




CMS search for Y(4140)

2 Search performed with 5.2fb™* of collision at 7TeV oMS E=7Tev.L=52m”
é 2000 | I 14|008<m(Kl+K_)<1.0§35 GeV 3
+ 0 1800 Am <1568 GeV 7
P = ¢ Data =
B Jfy g A
o - ==: Background 7
primary secondary H £ :
1000/ 3
veriex vertex N 800F =
K so 2480 + 160 B* events E
- EE O NN W W W ¢ 4005_ _f
K~
B+ 0552 52 53 53 54 545
+ mUAKKKY) [GeV
K > Largest B* sample to date

el 20 times CDF

> Signal extraction: ol 7times LHCb

I p;>1GeV for any kaon
! selection on common vertex probability and

m(J/YKKK) € [m(B?) - 30, m(B?) + 30]

(s=7 TeV, L=5.2 fi"

angular separation between J/{ and kaons > ECMS SIS 20 u ]

S 500 —+— Sideband-subtracted Data

I p U/P)>T7GeV = — Fit |

=~ 400

| transverse B* flight lenght significance > 3 é :
© 300:
» The Am = m(u ' K*K) - m(u*u-) spectrum is § 200F
considered till 1.568GeV to avoid reflections 100F
}
from B, — Y(2S)p — J/Yrtn ¢ oF
(but whole spectrum also investigated) 1100

LHCP 2015 Leonardo Cristella



The J/Y¢ mass spectrum

CMS, Vs =7 TeV, L=5.2 fb™
L L UL

— - KFHI-) +,4- H : . 300 L LI T
2 The Am = m(u'wk*K) - m(u*yr) spectrum is obtained: g : o | B
» dividing the dataset in 20MeV Am bins S 2s0f- | Y(4140) | oo ey PS (global fi
- X +1 rtainty band
> fitting every bin with: 00 / . —— Event-(rsnizir;\cge(ﬁ{;,ﬁ), 139) ]
m Y A 1 T Event-mixing (J/y, ¢ K*) 7
| Signal PDF: S-wave relativistic Breit-Wigner (BW) 2’150:_ + fog o 1D fit E
convoluted with mass resolution s + + .
I Background PDF: 3-body Phase Space Shape (PS) 100 + + ______________ g
ol 1-D Fit: Binned y2 fit to the extracted Am spectrum 50 /%/"m + + ''''' T4 T s
using the BW and PS shape. 7 g
0p T]
I Global 2-D Fit: simultaneous fit of m(B*) and Am I e i - T ——
with implicit background subtraction Am [GeV]

» extracting the number of B* signal in each Am bin by fitting the spectrum
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The J/Yp mass spectrum

CMS, s =7TeV, L=5.2 fb”
» The Am = m(u*uK*K) - m(u*u) spectrum is obtained: %300 JL I IS A L
» dividing the dataset in 20MeV Am bins = ol | Y(4140) | T oo ey PS (global fi
e . . N . +1c uncertainty band
2 fitting every bin with: = o00F . — — Event-mixing (J/y, 6, K*) 7
i o ) ) m 7N A 1 | - Event-mixing (J/y, o K*) 1
I Signal PDF: S-wave relativistic Breit-Wigner (BW) =

. . 150
convoluted with mass resolution

! Background PDF: 3-body Phase Space Shape (PS) 100

+ S UL 1D fit

"IIlIIIIlIl

| 1-D Fit: Binned %2 fit to the extracted Am spectrum 50 /+/4"" + + *F e 4
using the BW and PS shape. 7 B

of T

! Global 2-D Fit: simultaneous fit of m(B*) and Am B e T e
with implicit background subtraction Am [GeV]

» extracting the number of B* signal in each Am bin by fitting the spectrum

I [MeV]

310+ 70 4148.0 + 2.4(stat) + 6.3(syst) 28+1>  (stat) £ 19(syst)
418 +170  4313.8 + 5.3(stat) + 7.3(syst) 3830 (stat) = 16(syst)

First structure is consistent with Y(4140) of CDF observed with a stat. significance > 5c!
There is evidence for a second structure in the same mass spectrum

BR(Y (4140))
BR(J/tp(pK*)

LHCP 2015 Leonardo Cristella 13 /15

2 Naive yields’ ratio estimate: ~0.10+£0.03% consistent with CDF and LHCb UL



Next steps for Y(4140)

2 Understanding the nature of both structures needs further investigation

2 The ¢K* mass distribution shows an excess w.r.t. PHSP profile
in the region where large resonances [K,(1770) & K,(1820)]
may appear; reflections studies are carried out:

@)
<
:(D
-<|

, VS =
LI L

\I
_|
(0
1<
] -
|
(&)
N
—
(o)

— I
4 =

T 1 ] T 1 1 71 l T 1 17T I T T
Data
—— Phase Space simulation

- —

¢ # h

n_—’

TIIII IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIr

l_llll‘IIII|IIIIIIIII|III||IIII|IIII|IIII|IIII_L

I I2.1I_I I I2.2I I
m(K*K'K*) [GeV]

e
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e
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e
N
-
(o]
e
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Next steps for Y(4140)

2 Understanding the nature of both structures needs further investigation

CMS, Vs=7TeV,L=5.21fb"

> The ¢K* mass distribution shows an excess w.r.t. PHSP profile B o KK <188 ormix K > 158 Gev
= 140F 4 + 1 } Dat =
H H o r ata ]
in the region where large resonances [K,(1770) & K,(1820)] ;120;_” \ — Prase Space smuaton
may appear; reflections studies are carried out: © 100 :
. 80F I
e%\ -7 = ]
CMS, (s=7TeV,L=521f" | ¢ KF) Y8 oo
> 400_—[. LI L L L L B B L T T LI N B L L L L B BB . m( "’f 40_
i ¢ Dat g TS - :
S - ala d (\% - 20F
350— C\u ,” r
C _—=— Phase Space e*\ -t oF
~ 300[- o~ S
"2502_ _; Y Y(4140) appears to be
200 3 uncorrelated to ¢pK* resonances
150F- Ony, oMS.f5=7Tevil=s2t’
= ?"\J:th/.s %100_ 168<m(KKK)<1BSGeV I =
100:— = ‘NNQ//?,X/ E C P ¢ Data
- . ~~~ /(/"/,_ S 80~ ST Phase Space S|mulat|on
50|~ E 8o, @b / \ :
- . SS /7 > 60 ' ] i
0_- - ~~N) N 7
- 7 40 + -
-50EL l [ l Ll | I BT R C ]
15 16 17 18 19 2 21 22 2ok I ‘,’ E
m(K*K'K) [GeV] - ]
0 . -

Understanding the nature of both structures needs
further investigation & requires a full amplitude analysis > ﬁdd'ftflonaijp;akhmav
(not easy task: 2 vectors in the final state!). e affected by them

It is suitable for CMS adding Run-Il data to extract an enough pure B* sample with enough statistics.
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Summary & outlook

2 Although designed for high-p, physics ...
... CMS is an exceptional apparatus for dealing with flavor physics topics!

» CMS has greatly contributed to the study of exotic states:
ol X(3872) prompt cross section

I Search for X,
| Y(4140) confirmation

» Their actual nature is still a challenge.
Moreover many final states still to be explored!
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Summary & outlook

2 Although designed for high-p, physics ...
... CMS is an exceptional apparatus for dealing with flavor physics topics!

» CMS has greatly contributed to the study of exotic states:
ol X(3872) prompt cross section

I Search for X,
| Y(4140) confirmation

» Their actual nature is still a challenge.
Moreover many final states still to be explored!

2 Run-ll just started

» CMS will record much larger integrated luminosity than LHCb,
in an harsher environment

» Dedicated triggers developed for the most important analyses
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X(3872)  1HEP 1304 (2013) 154
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Systematic uncertainties

>» Signal extraction:

2 u with p; > 4GeV coming from J/i in the central region of the detector (|y(u*u)| < 1.25)

2 tracks with opposite charge and p; > 600MeV

combination of these four tracks with constraint on common vertex
selection on common vertex probability, angular distance between J/i and r,

Q value [m(upmnm) - mJ/Pppg) - m(mm)].

2> Non-prompt fraction:

LHCP 2015

Vertex estimation

Background parametrization

Efficiency
Decay length resolution
Pileup

Total

Leonardo Cristella

1
2-3
3-8

4

2

6-10
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Systematic uncertainties

o(pp" X(3872)+anything)#B(X(3872) " J/y mﬁ) Ny #0005,

> R!

I'(pp" "(29+ anything)#B(zp(2S) "y .7'17+Jl’$) N,oo#A . #

Fit functions

g (u*w)

€ (')

Efficiency statistical precision
X(3872) p spectrum

Y(2S) p; spectrum

m(rt*rr) spectrum

Acceptance statistical precision

Total

1-2
<1
1-5
1-3
1-11
1-4
1-2
1-3
5-13
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Y (4140) rie734(2014) 261
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Crosscheck with cleaner B* sample

2!More stringent quality and kinematic cuts are
used to produce a cleaner sample

4 40% of the defaults B signal

» 10 times less background

100

80

60

N(B")/e,,, per 20 MeV

40

20

CMS\s=7 TeV, L=5.2 fb'

vvvvvvvv

T

three--body PS
2 BWs + three--body PS

7Y1'TYYY

Y.TYYTTYT]’

PR SR [T W W W N W N S
13 14 1.5
mM(u W K'K)-m(u*w) [GeV]

CMS,Vs=7TeV,L=52f"

> 400 -

§ + 1.0125 < mKYK") < 1,0265 GeV
o 350 Am< 1,568 GeV
~

2 300

-

2 250

=

8 200

P | P Y P 1 1 P
215 52 5.25 5.3 5.35 5.4 5.45
mJyK'K'K") [GeV)

+> Found structure can be clearly seen
| also with this selection
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Investigation of the whole Am region

» Check the events with Am larger than 1.568GeV (eliminated from the
analysis) to ensure that they could not cause reflections in the low-Am region

21 The Am spectrum after subtracting » The extension of Am spectrum after
B, contribution but including non-B subtracting non-B background, to
events within 1.5 o of the B mass the full phase space

> eooCMS =7 TeV,L=521" . nCMS, (S =7TeV, L2 0"

Q - Bmasssignalregon [ = T TR R En Rt U N

; 500 |- Me"1:50 < MUAY¢K) < mg+1.50 g F Ig:::mmuwg | E

~ - Q - —— Global fit | .

Q .

8 ol = £ A e Three-body PS | ]

o - m 20 — - Three-body PS | =

% - > extrapolation | .

S 300} 150 3

(&) - | ]

I
I

200

100 -

The events in the cutoff region are consistent with phase space.

The absence of strong activity in the high-Am region reinforces our conclusion that
the near-threshold narrow structure is not due to a reflection of other resonances.
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Systematic uncertainties

m

B* background PDF

B* signal PDF 0.2 3.6 2.7 0.2
Relative efficiency 4.8 6.0 0.9 10.0
Am binning 3.7 1.5 2.7 0.2
Am structure PDF 0.8 9.3 0.6 4.9
Am mass resolution 0.8 6.4 0.6 4.6
Am background shape 0.2 7.0 0.3 0.2
Selection requirements 0.8 7.8 5.5 1.8
Total 6.3 19 7.3 16

Backup



PLB 749 (2015) 14 PLB 743 (2015) 383

b (nS8) 21255 Xp (LP) =
production cross-sections

» More details in the talk
CMS heavy flavour production and decay properties — D. Strom, Monday parallel session
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Reference theory of production & polarization of quarkonia

» NRQCD: effective field theory that treats ] p})SS'b'v co/f;r/eg leLpalr req JAuarkonium (H)
. e e . I of any possible **

heavy quarkonia as non-relativistic systems. | quantum numbers Y anti

Inclusive quarkonium production can be

factorized in two distinct steps:

C{P
9
v \
g2

Step-1: QO production in the

Step-2: formation of a bound
regime of perturbative QCD

state driven by non-pert. QCD

Inclusive Xsection for producing quarkonium (H) with enough large momentum transfer p;:

-------------------------------------

Short-distance Long—distance matrix | determined from fits
coefficients (SDCs) elements (LDMEs) | to experimental data

calculated by perturbative QCD (expansions in a;) relative relevance given by v=wv/c<<1 (scaling rules)
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Reference theory of production & polarization of quarkonia

» NRQCD: effective field theory that treats { possibly colored QQ pair red /q”a”@"'“m (H)
. e e . 'ofanypOSSIble "L, ‘
heavy quarkonia as non-relativistic systems. | quantum numbers . B4 anti

Inclusive quarkonium production can be 03%%‘ red
H H . . “\"’ )
factorized in two distinct steps: : _ J<

Step-1: QO production in the
regime of perturbative QCD

Step-2: formation of a bound
state driven by non-pert. QCD

Inclusive Xsection for producing quarkonium (H) with enough large momentum transfer p,:

! (A+B— H+X) :@(A+B+QQ+X }QP (QQ%H) ’

-------------------------------------

Short-distance Long-distance matrix | determined from fits
coefficients (SDCs) elements (LDMEs) | to experimental data

calculated by perturbative QCD (expansions in a;) relative relevance given by v=wv/c<<1 (scaling rules)

>» Theoretical predictions are organized as double expansions in a. and v. Color Singlet (CS) term

: ] : ] : Di :
Truncation of v-expansion for S-wave states in NRQCD includes 4 terms 3 Color Octet (CO) terms

2 NRQCD predicts the existence of intermediate CO states in nature, that subsequently
evolve into physical color-singlet quarkonia by non-perturbative emission of soft gluons.

» Recent developments to explain production Xsections & polarization get reasonable agreement with

data excluding data at low p;: unpolarized CO contribution dominates the production.
[PLB 737 (2014) 98 (data-driven approach)] [PRL 113 (2014) 022001 (leading-power fragmentation formalism)]
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NRQCD : color-singlet & color-octet terms

Inclusive Xsection for producing quarkonium (H) with enough large momentum transfer p, :

______________________

; - : - QO can be, at short distances,
! (A"'B —H +X) :® (A +B— [QQ]n "‘XE)@P([QQL — H) , produced in a state n with definite:

spin S, angular momentum L, and
colorCc=1,..,8.

Short-distance coefficients (SDCs)

Long-distance matrix elements (LDMEs)

Inclusive pPQCD Xsection of partonic processes
to form QQ in state n (convoluted with PDFs)

process-dependent functions of kinematics

calculated perturbatively as expansions in ag

Probability of QQ in state 71 to evolve into
the quarkonium final state H

universal constants (independent of kinematics)
determined by fits to exp. data

relative relevance given by v - scaling rules

2 Theoretical predictions are organized as double expansions in agand v.
Truncation of V-expansion for S-wave states in NRQCD includes 4 terms:

D the Color Singlet (CS) term: *S}"

(CS assumption: initial Q0 & final H (°S,)

have same quantum numbers!

2 3 Color Octet (CO) terms: IS([)g] , 338],3P}f(])’1’2 (of relative order O(v*) w.r.t. CS)

The CS term is characterized by a suppression of powers of ag thus making
important the CO channels despite of their suppression by powers of v!

LHCP 2015

Leonardo Cristella
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Prompt production Xsections of S-wave states

>

Mid-rapidity double differential prod. Xsections for 7 different quarkonia as a function of pT/I\/I ,

[ Shapes are well described by a single empirical

power-law for p,/M >3

This p; /M scaling behaviour ...

... common to 5 S-wave & 2 P-wave states
with different feed-down contaminations,

suggests a simple composition of processes

dominated by 1 single mechanism.

' 254

CS processes must be negligible!

A single CO term dominates production!

It could be 'S!*! IF the NRQCD fit would
start @ 10-15GeV [Faccioli et al.,PLB 736 (2014) 98]

Scaling behaviour must be confirmed with:
» more accurate data up to higher p;
» polarization data

> 102 % « Jhp: CMS, Iyl <0.9
o E % Vs=7TeV - Jn:ATLAS, Iyl <0.75
g 1
2 ] 8 « % ATLAS, ly(J/y)l < 0.75
= f“x% ' " %, ATLAS, ly(J/p)l <0.75
- 1 .
S 1— %Y . « ¥(2S): CMS, Iyl <1.2
> ERY .':%‘ . N\
A ] f%y%'?% N
NO gv'%/ N P(x2, ndf) = 55%
3 10-1_ g|.¢~ﬂ R ¥2/ndf=75/77
E e M2
ym s
vu (2S)
ﬂ!.g
2 _| Tz A
10 ;\‘3}5
L
3 ysﬁ‘;'"\':f’i\\Y(ns)
1073 H vy » Y(1S): ATLAS, lyl <1.2 |
FRE - Y(2S): ATLAS, lyl <1.2
Y?ﬂf v Y(3S): ATLAS, lyl <1.2
104~ " s Y(1S):CMS,lyl<0.6
T e Y(2S):CMS, Iyl <0.6
] iﬂ' v Y(3S): CMS, lyl < 0.6
10_5 | T T T | T T | T T T I T T T | T T T | T T T | T T T I T T T | T T
0 2 4 6 8 10 12 14 16
solid: fit to CMS data; dashed: replicas with adjusted normalizations pT /M
Compil. by P.Faccioli et al., PLB 736 (2014) 98 | CMS, JHEP 02, 011 (2012)

CMS, PLB 727, 101 (2013)

(indeed the *S!*' term may become dominant at higher values of pT/M than currently covered)

2 Run-Il can be a great opportunity to explore higher p; regions with better accuracy. Right now CMS has
not used 2012 data yet! Very soon new prod. Xsections results - with full 2011 data - will be released

extending p;- range to 120GeV for J/y and 100GeV for y(2S) and Y'(nS),_,, -
LHCP 2015
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Prompt production Xsections of bottomonium S-wave states

2> Differential prompt prod. Xsections times the dimuon branching fractions for Y{(nS)
as a function of p; over the range |y| < 1.2 [uncertainty from int. luminosity not included]

-1
4.9 o' (7 TeV) < 4.9 fb” (7 TeV)
> 10: CMS (a g wrCMS (b Y(19), lyl < 1.2
¢ 10 —4— CMS 20111yl <1.2 S feg
S 102 FEFE] CMS 2010 Ivi<2.4 x 0.5 r'% 10 . —— power-law fit: P> 20 GeV
= S ’ o~ 1 --- exponentlal fit: 10<p <20 GeV
i 10¢ —— NLO theory =
‘3 1 D o
X A0
E_J, ) : Y(19) PLB 749 (2015) 14 - :
X 10 3 107 .
Q_’_ 10-2 - 1 1 1 1 1 1 1 \ -
O -3 _
B 10 Y(3S) % 0.01 5 IC -
© -4 o 1~ ——t _
0% 5 . - .. s _-21 - ~ T _
0 20 40 60 80 100 T
pT [GeV] P, [GeV]

» Measured Xsections show a transition
from exponential to power-law behavior
at p;~ 20GeV (fit holds for all the 3 states)

2> All 3 7(nS) states show similar trends
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Prompt production Xsections of bottomonium S-wave states

2> Differential prompt prod. Xsections times the dimuon branching fractions for Y{(nS)
as a function of p; over the range |y| < 1.2 [uncertainty from int. luminosity not included]

-1
o 4.9 fb 7 TeV - 49 fb (7 TeV)
% 1 cMS @ g =CMS Y(19), lyl <1.2
¢ 10° —¢— CMS 20111yl <1.2 3 "
el — = 10 = —__ power-law fit: p_>20 GeV
a 10° FEER] cms 20101yl <2.4 x 0.5 -~ \ T
— E— —~ --- exponentlal fit: 10 <p_<20 GeV
™  10g — NLO theory = 1
‘3 1 -
X A0
s F yas PLB749(2015)14 ¥ E
v 10 é 2 102 =
-2 © =
_8-’_ 10 1 1 1 1 1 1 1 \
.3 _
e 10 Y(3S) % 0.01 5 3C ]
© 4 a 1E s 7]
A - — —
0% 5 . - .. s 2 -
0 20 40 60 80 100 3110 B .2IO‘ B ‘310. B 4I0 B .510‘ B .6I0‘ B ‘710. B 8IO B .910‘ . ‘iOO
p. [GeV] p, [GeV]

:
» Measured Xsections show a transition

from exponential to power-law behavior

at p; ~v 20GeV (fit holds for all the 3 states)

> All 3 7(nS) states show similar trends

2> NLO calculations from [Gong et al., PRL112, 032001, for p, < 50GeV] have been extended
to cover the range p; < 100GeV and describe data trend for all 3 Y(nS) states!
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Relative production rate of / ,,(1P) and /,,(1P)

2 P-wave states measurements are crucial to understand quarkonium production. They also help to ...

> ... study feed-down effects into S-wave states

2 ... constrain CO LDMEs of the x. and Y, states in NRQCD fits to S-wave production/polarization data

2 Reconstruction of photons by conversions into ee* pairs provides enough mass resolution to resolve

the two peaks (with 19MeV separation)

2078 (8 TeV)
T Ty

> 220k
er
@ 180}
s . f
S 160}

w 140F

>!m2_>YGE»"ﬂ E

———
cMms I :
PLB 743 (2015) 383 -

11<p) <16 GeV \ .
!

ke 1 FWEE NwRw | | - |

975 88 885 99 898 10 1005
m,, [GeV]
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Relative production rate of / ,,(1P) and /,,(1P)

2 P-wave states measurements are crucial to understand quarkonium production. They also help to ...
> ... study feed-down effects into S-wave states

2 ...constrain CO LDMEs of the x. and x, states in NRQCD fits to S-wave production/polarization data

2 Reconstruction of photons by conversions into ee* pairs provides enough mass resolution to resolve
the two peaks (with 19MeV separation)

_;—"a’"Sa ,409 575' |

207 %" (8 Tov) Xiv: 1408 |
e | tAcparxv1409.1408 | ATB TN
> 220: CMS | . gﬁv:—”’ 'BF uncertainty (S)"/)notlmcludedI EMS —
200 PLB743(2015)383 1 |2 —4—CMS, Iy <15, il < ™ i
2 aof !, = Y(1S) "\ 13 By St Bl CMS & LHCb data consistent
S 160} 1 1® 12F T CMSaverage 3 & compared with two different
w . ] E ot T : .
140f- 11<p} <16 GeV | \ E i -[ = NLO NRQCD calculations
120f . = - i . .
3 f Q’t E 08f —lt—_t_ I - (and fits based on different
E - ] C ] .
8of- I k E o6 - [j> experimental data)
g . o 1] C o/ 7
60 1 W L % 1 L et 1 C | & eray — =
.:o: ';f__'.s;’? Gty N g M odeter mgwmrlza&"'f?&f“”: .
. Wr". ' ] 02F - -
20F E f B Phys.Rev.D 50 (014) 014021 ; Improve p;reach & accuracy
ot ' I dlagaal e N l " e lllllllll[llll[lllll lllllllll[llll
97 975 88 885 99 895 10 10.05 S 10 5 2 5 N p§5[Ge\;i° with Run-Il data!
m,,., [GeV] T

Measurement @ hadron colliders with smaller uncertainties for this production cross section ratio

(corrected for the ratio of the BFs): < R>= <‘7(pp ~ Xt X )> =0.8520.07(stat+syst) =0.08(BF (x,,, = Y(15)+7))
o(pp = X +X)

2 Before M CMS already measured M [EPJ C72 (2012) 2251] with the same technique
o (x, (P )) o (x.(P))
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