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Events / GeV

Introduction

QCD exotics production studies are very important for our understanding

nonstandard forms of matter.

These studies are possible at CMS due to:

* Excellent muon system with large rapidity coverage and high-purity muon-ID

" Gompact Muon Solenoid

* Good resolution in pr~1% for central region of tracker

 Remarkable vertex reconstruction and impact parameter resolution down to = 15um

* Efficient and very flexible set of dimuon triggers

13.1 fb" (13 TeV, 2016)
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Recent CMS results in spectroscopy and rare
3-body decays

Soleno

Campact Muon

* Observation of the x,1(3P) and X2 (3P) and measurement of
their masses

* Observation of two exited BZ states and measurement of the B (2S) mass
in pp collisions at+/s = 13 TeV

e Study of the Bt — J/wAp decay in proton-proton collisions at /s = 8 TeV
 Observation of the Ay, = JAyA¢ decay in proton-proton at+/s = 13 TeV




CMS Observation of the x3,1 (3P) and x,2 (3P)and

measurement of their masses
[PRL 121 (2018) 092002]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.092002
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CMS: Observation of the Xp1(3P) and Xp2 (3P)
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The CMS Collaboration saw the
The LHCb observed new decay x, (3P) — Y(3S)y Xp (3P) in all modes 5

my(3s)y [GeV/c| my (3s)y [GeV/e?)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.152001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.031103
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.092002

CMS: Observation of the X1 (3P) and X2 (3P)

Motivation

Campact Muon Solenoid

* Improve our understanding how the strong force
binds quarks

 Test the influence of open-beauty threshold on
the bottomonium spectrum and different BB*-bar threshold

Lp3P)

'/_b:i} P)

theoretical models

* Search for possible Xy, state (analogue of =
X(3872)) near BB* threshold =
* Check mass hierarchy of x;, states .
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CMS: Observation of the x;1 (3P) and X2 (3P)
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The xp1 and xp, states are well resolved for the first time Obtained experimental result supports natural mass hierarchy

The results of this study give important informations and significantly constraints theoretical predictions



CMS: Observation of the 51 (3P) and Xp2(3P)
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CMS confirmed that the x;,; (3P) is well below the open-beauty thresholds
In the limit of the current statistics available there is no hint of an hypothetical X, state, the bottomonium
partner of the X(3872), that might exist at masses close to the BB* thresholds and decay to Y(3S)y."




CMS

Observation of two exited B states and
measurement of the B (2S) mass in pp

collisions at /s = 13 TeV
[PRL 122 (2019) 132001]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132001

Observation of two exited B¢ states

Than the LHCb using 8 TeV data didn’t find
any significant signal in the same region

In 2014 the ATLAS Collaboration reported the
observation of the new state, with mass consistient
to predictions for B} (25) state
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.212004
https://link.springer.com/article/10.1007/JHEP01(2018)138

Observation of two exited B¢ states
Motivation

7600 PRI s e =5 » Spectrum of B, family is predicted to be very |

Campact Muon Solenoid
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The study is based on searching for B (25) and B *(2S) in the BX¥n* ™ final state. NN

Decay modes are:
« BX(2S) » Bfmn*m~
 BI*(2S) » Bf*n*n~ , where BY* - B}y, and soft photon is lost

The theory predicts AM = [M(B;) — M(B,.)] — [M(B;(25)) — M(B.(25))] =20 MeV
NG




Events / 15 MeV

Observation of two exited B states

Using full Run Il statistics the CMS collaboration observed two well
separated B} (25) and B * (2S5) states
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M(BF(2S)) = 6871.0 + 1.2(stat.) + 0.8(syst.) £ 0.8(BF) MeV
AM = 29.1 + 1.5(stat.) + 0.7(syst.) MeV

Once these yields will be corrected for detection efficiencies and acceptances we will be able to determine
ratios of production cross sections to be compared with the different theoretical predictions 12



800

600

400

200

Candidates / (8 MeV/c?)

Observation of two excxited B states

Recently the LHCb collaboration has confirmed the two-peaks structure
using Run | and Run Il statistics. PRL 122 (2019) 232001
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Results of the LHCb Collaboration are in a good agreement with CMS Collaboration
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.232001

Search for exotic states in Bt - J/yAp

decay
[arXiv:1907.05461] Submitted to JHEP

14


https://arxiv.org/abs/1907.05461

Ent./2.2 MeV/c?

e Since it was only 16 events in signal region B(B* — J/yAp)

Study of Bt — J/WAp
* In 2005 the Belle Collaboration reported the first
observation of B* — J/wAp decay.

“" Gompact Muon Solenoid

was measured with large uncertainty

PRD 72 (2005) 051105
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.051105

Study of Bt — J/WAp

* Recently, the LHCb collaboration observed three P." states in J/yp |

Motivation

mass spectrum. These exotic states were referred to as

charmonium-pentaquarks

= Compact Muon Solenoid

» The B* — J/wAp provides possibility to investigate mentioned before

J/\|/p invariant mass and also J/\wA mass spectrum, where new
“charmonium-pentaquarks” could be hidden

* In addition, such hidden pentaquark is predicted -

by theory. [PrD 100 (2019) 016014]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.016014
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001

Study of Bt — J/WAp

The study is based on 2012 8 TeV data (19.6 fb~1

- CMS 19.6 o' (8 TeV)
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The Bt - J/yK** - J/yKdm™ was chosen as a
normalization channel since it has the same

decay topology and measured with high precision |
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B(B* - JiyAp) = (15.07 + 0.81(stat.) + 0.40(syst.) + 0.86(br.)) x 107°

It is the most precise result to date and compatible with previous results:
PDG: B(B* - J/wAp) = (11.8 +£3.1) x 107°

Belle: B(B* — J/wAp) = (11.7 + 2.8718

) X 107

""'C.ompact Muon Solenoid
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Study of Bt — J/WAp

The intermediate invariant masses are found to
be inconsistent with pure 3-body PS
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The sign_ificance of incompatibility data wiih the phase space hypotesisis > 5.5 o for
JWWA, > 6.1 o for Jiyp and > 3.4 ¢ for Ap mass spectra, including systematic.

But may be it is possible to reduce this difference (see next slides)
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Study of B* — JAyAp
Model independent approach CMS --

* Introduced by BaBar [Phys.Rev.D79:112001,2009] used by
LHCb [Phys.Rev.D92:112009,2015]

“" Gompact Muon Solenoid

* K*resonances decaying to Ap final states can modify invariant intermediate Méass—
distributions

e Their contributions is taken into account by measuring cos(8+) in each M(Ap)
bin on data: dN fmax

= Y " (PH) P;(cos B-
d cos 9K* ];O< ] > ](COS K ) {
* Then pure phase space Is reweighted accordingly: w' =1 + Z < P > P(cosby.)

=1 _
where 1,4 IS 2xtotal spin of the highest-spin K* decaying into Ap and (P") = 2(P{')/N&

Known K* states, which can decay into Ap

Resonance | Mass, MeV | Natural width, MeV | [P V.f‘+ ¢ YA
K3(2045)" | 2045+9 198 + 30 4+ Oppine,, Iy T KM e
K3(2250)" | 2247 +17 180 + 30 2~ o r’i;' B+
K3(2320)" | 2324+ 24 150 + 30 3+ H .



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.112009

Yield / 5 MeV

=
S

Study of BT - JAwAp
Model independent approach

After reweighting sumulation taking into account exited kaon

" Gompact Muon Solencid
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M(Ap) [GeV]

A mode_lindependent approach improved significantly the description of the data
in J/wA and J/yp mass spectrum, and the significance of incompability became

within 3 standard deviations including systematic.
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Observation of the /\g — J/PAp decay

in proton-proton at+/s = 13 TeV
[arXiv:1911.03789] Submitted to PLB

21
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Observation of the Ay, = J/wA¢ decay

History of B* - JAydK™ studies

PRL 102 (2009) 242002 PLB 734 (2014) 261
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’_I,J TN W] U e R S T Tl WA e S TN N [N NSRS O B 2 WS ]A_
In 2008 the CDF Collaboration made an evidence of a narrow structure 1.1 12 1.3 14 \m‘fGeV]

X(4140) near the J/y¢ threshold in BY — J/ydK* decays
PRL 118 (2017) 022003

Candidates/A 10 MeV)

My e

N AL
».\\h\\ f/.w 150t
4100 4200 4300 4400 4500 4600 4700 4800
[MeV]

‘ [

" Compact Muon Solencid

Then, in 2014 the CMS Collaboration presented observation of

X(4140) and evidence of X(4274) in the same decay mode.

Finally, in 2016 the LHCb
Collaboration performed
full amplitude analysis and
observed four exotic states:
X(4140), X(4274), X(4500)
and X(4700)

22



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.242002
https://www.sciencedirect.com/science/article/pii/S0370269314003657?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003

Observation of the Ay, = J/wA¢ decay

Motivation

* Better understanding final-state strong interactions in b barions

* The Ay, = J/yAd decay is baryonic analogue of the BY — J/yoK™
decay and detailed studies of the J/w¢ spectrum produced in baryonic
decays may provide an important test for the production of observed exotic
states

* Also, this decay provides an opportunity to investigate J/wA mass spectrum
too, once a sufficient number of signal events is accumulated

23



Events / 5 MeV

Observation of the Ay, = J/wA¢ decay

The study is based on 2018 13 TeV data (60 fb~1)

“" Gompact Muon Solenoid

CMS 60 fb' (13 TeV) CMS 60 fb" (13 TeV) |
" 1 Data S =380 + 32 é 80" 3 Data S — 286 4 29
| — Fit >90 o~ [ R B
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I b } {} ” 40(-
- 1 -
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B 0 : i +.H71”1'"'."'"'"""""' ‘+' e -'...{ ‘*_
" | . S . . . l . . A
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Unbinned maximum likelihood fit is applied to JAyAK*K™ invariant Tlf__»\,\ Thy
mass distribution. Than sPlot technique is used to obtain M(K*K™) N L N AN
distribution from signal component. Finally, the Ay, = J/wA¢ yield TR Hi
is obtained from fit of background-substrackted M(K*K™) Ap Kt 0
distribution. P p
Given the current statistics it is not still possible to investigate the PV

Jhpd and J/yA spectra yet Topology of the A, — JAyAd decay 24




Observation of the Ay, = J/wA¢ decay

" Compact Muon Solencid

CMS 60 fb' (13 TeV)
E |} Data | The A2> y(2S)A - Iyn ™A
I i q decay was chosen as a normalization
% 200 m=Slanal § channel since it has the same decay
1= - e Background
S topology
- P
/.
100 -
Al H w(2s)
il
i Ay ot
0 L : . TR A ) . . | P P
54 5.6 5.8
M(y(2S)A) [GeV] PV

The branching fraction ration is measured to be :

B(Ap = JyA@)

= (8.26 + 0.90 (stat.) + 0.68(syst.) + 0.11(br.))?
B(A? - y(2S)A) (8.26 +0.90 (stat.) + 0.68(syst.) + 0.11(br.))%
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Summary

Designed for high-pr physics, CMS is a
good experiment for different exotica
production studies

Campact Muon Solenoid

* Observation of two resolved states x;; and x;-
- measured their masses and mass difference

* Observation of two exited B states
- first obsevation of two well resolved states BY (2S) and BZ*(2S)
- mass measurement of BJ (25) state

e Study of B* — J/wAp decay
- the most precise branching fraction to date
- the study of 2-body invariant mass distributions resulted in
conclusion that no exotic resonances are needed

* Observation of Ay, = JAyA¢ decay
- measurement of B(Ap, — J/WA$)/B(AR = y(2S)A)

26
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CMS: Observation of the 51 (3P) and Xp2(3P)

Photon energy scale
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To accurately measure the invariant mass of the x, (3P) candidates, the photon energy scale (PES) must be callibrated.
PES defined as : [m2,, — m2,|/[M(xc1)? — M(J/p)], where M (X) is the world-average X mass and m,,,,, and m,,, are
invariant masses of uuy and uu, respectively. The PES values are parametrized with the function py + ple_Ey/pZ,where
Do, P1, P are free parameters in the fit. Finally, the resulting function is used for the event-by-event correction of the
photon energy in the computation of the Yy invariant mass.



