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Theoretical motivation

The Standard Model

an

QCD allows the possibility of exotic hadrons
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Theoretical models consider different internal structures of the exotic states, like X(3872)
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Theoretical motivation
 Theoretical studies of JhyJ/y structures started since 1975
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» Theoretical studies on (cccc), (bbbb), (bbcc):
« controversial on existence of bound states;
* consistent on existence of resonant states.  prp 100 (2019) 096013
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https://link.springer.com/article/10.1007/BF01431564
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.096013

Experimental motivation

» Theoretical studies predict lots of cccc, bebe and bbbb exotic states

« However various approaches provide different predictions,
moreover majority of them don’t say anything about production
cross-sections of these states.

« CMS and LHCb Collaborations performed searches for heavy bbbb
tetraquarks in Y(1S)u* ™~ final state, but set only upper limits on
production cross-sections times branching fractions depending on
mass of searched state
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https://link.springer.com/article/10.1007/JHEP10(2018)086
https://www.sciencedirect.com/science/article/pii/S0370269320303828?via=ihub

Experimental motivation

* In 2020, LHCDb collaboration reported observation of X(6900) state decaying to
JhyJhy final state using combination of Run | and Run |1 data

A fit model without interference does not describe the dip at 6750 MeV
Sci.Bull.65 (2020) 23
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« Assuming interference between NRSPS component and X(6900) satisfactory
description was achieved

« Structure at the very threshold was not understood, described by a sum of two BWs
* Decay into JyJhy suggests fully-charm tetraquark nature of the X(6900) state


https://doi.org/10.1016/j.scib.2020.08.032

CMS experiment

Superconducting Solenoid
§ Silicon Tracker
Pixel Detector

Preshower

2016+2017+2018:
- ~145 fb?

Total integrated luminosity (fb~!)

m— 2015, 4.3 fb~!

2016, 41.6 fb!

s 2017, 49.8 Tb~!
m— (018, 67.9 b~!

Date (UTC)

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 06:39:34.675328 GMT
Run/ Event/ LS: 278769 / 13873923 / 76

Excellent muon system with large
rapidity coverage and high-purity
muon 1D

Good resolution in p;~1% for
central region of tracker

Special muon triggers, including 3

Large integrated luminosity



Event selection

Muon selection Jhy selection
= pr(p¥) > 2.0 GeVic m2.95 < My, < 3.25 GeV
. £\ < 2.4 pr(Jy) > 3.5 GeV/c
UGl mptxprob(J/y) >0.5%
= All muons are soft =Constrained vtxprob(Jy) >0.1%

= For 2017-18 years: pr(pE) > 3.5 GeV/c for at least
one utu~ pair, which has vtxprob(u*u~) >0.5%
and 2.95 < m+,- <3.25 GeV

JhyJ/y selection
wvtxprob(4p) > 0.5%
svtxprob(Jhydhy) > 0.1%
=Proper HLT is fired in event

Multiple candidates

. : : o MJ/y1)-MU/Yepe)\2 , MUI/W2)-MUJ/Wepe)y 2
Choose the best candidate with minimum ( S MANL)) ) +( S MO,)) )

value if there are 4 muons in event, but more than one candidate (~0.3%)

=Keep all candidates if there are more then 4 muons in event (~0.2%)



https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06015/pdf

Non-interference CMS model: 3 BWs + Background

pdf(m) = ZN5(|BW5(?’”F m;, T;)|> ® R(m;)) + Nngsps - PAfnrsps (1, p2) + Npps - pd fpps(m),
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Evidence for BW3 (4.10, >4.20(syst.))
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I'[MeV] 124732433  122%314+18 9573+ 19
120 78 64
N 470* 1% 492173 15672


https://arxiv.org/abs/2306.07164

LHCb model IT (2 BW, “X(6700)” interferes with NRSPS)

pdf(m) = Ninfer.(lAei(P - BWy (m;mq,T'y) + \/PdiRsps(mf P2)|)2+
+ N, (|BW, (m;m,,T,)|* @ R(my)) + Npps - pdfpps(m),
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« X(6900) parameters are
Exp. Fit | m(BWI) T(BWI) m(6900) T'(6900) consistent _
LHCb [15] ModelT | unrep.  unrep. | 6905+11+7 80+19+33 * CMS obtained larger amplitude
CMS Model I | 6550 +10 112+27 | 6927 £ 10 117 424 and natural width for BW1
M Model 11 | 6736 + 439 + 18+1 187 + 4
CMS ode 6736 =38 439 £65 6918 =10 8 0 threshold and ~7300 MeV
regions
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Interference CMS model: 3 interfering BW + Background (null)
pdf () = Ny, (|A1€? - BW (m;m1y, T1) + BW, (m;my, Ty) + Aze'®s - BW;(m;my, T3)|)*+
Ny, - [BWo(m;mg, To)|* @ R(ng) + Nygrsps - Pdfnrsps(m, p2) + Npps - pdfpps ()

arXiv:2306.07164

180 r—r—s - - 1351 (13 TeV
> = ' ' ' cmMs
S 160 =
: : : Lo - | ¢ Data —Fit -
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https://arxiv.org/abs/2306.07164

Parameters systematic summary

Fit Dominant sources MBWI MBWZ MBW3 FBWI FBWZ I BW,4
No-interference Signal shape 3 3 3 10 5 5
NRSPS shape 3 1 1 18 15 17
Feed-down 11 1 1 25 8 6
Total uncertainty 12 4 5 33 18 19
Interference Signal shape 7 12 7 56 8 7
DPS shape 1 3 2 18 6 2
NRSPS shape 9 14 13 85 9 20
Mass resolution 8 1 1 24 7 13
Combinatorial bkg. 7 2 <1 5 3 2
+0 +44 +38 +0 +19 +12
Feed-down 27 -0 -0 -210 -0 -0
Total uncertainty J_ré? fég i% jéallg J—r%g 32

» Largest source of systematic uncertainties: NRSPS shape, feed-downs (X -> charm

charm -> JhyJ/y + smth.)

» The effects of feed-down components in the interference model can produce large
asymmetric uncertainties, so an asymmetric uncertainty is assigned for this source.
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Comparison between LHC experiments

arXiv:2304.08962
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Table 17: Comparison of X(6900) mass in MeV > 2006 1 HCb -
Model LHCb CMS ATLAS P

== = Interference

m Interference BW

1 690511 =7 | 692749 +4 | 6860+307 50 B3 ovs

=== NRSPS

2 | 688611+ 11 | 6847703 50 | 6910410 + 10

« Models are different between the experiments!
Not exact comparison, but the masses are still 0 L e M
agree with each other Mg 5, MeV/c?)

* CMS experiment confirmed X(6900), observed
X(6600) and found an evidence for X(7300)

Weighted candidates / (28 M
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https://arxiv.org/abs/2306.07164
https://doi.org/10.1016/j.scib.2020.08.032
https://arxiv.org/abs/2304.08962

Comparison with theoretical predictions

. 135 M7 (13 TeV)
[} = CMsS
= 160
o 1403_ ,'1 ] % Data —Fit
g w4l it IR " BW, - Background -
g v 1 3~ Backgroun arXiv:2108.04017
T 100 = \ il . .
% 80 y Hll\* M1 NS+, gPC ey B vy ™y vty oy vty vile) My My, (49)  Threshold
© 50 P 1Py 177 3639 3203 -366.7 3375 -144 0 0 -26 6553
0 $ 1*R 07 356.7 3202 -366.7 3375 -7.2 -56.9 -43.1 -2.6 6460 6398.1 7.(18)y=0(1P)
[P 1-% 356.6 3203 -366.7 337.5 -T2 284 215 -27 6354 64941  0.(18)x. (1P) |
20 13P,  2-+ 386.6 3202 -366.7 3375 -T2 284 21 24 G587 65396 . (1S)x=(1P)
0 1°P 177 3424 3204 -366.7 3375 7.2 -85.3 -30.2  -2.7 6459 65088  7e(1S)}ha(1P)
u*zrg 2h 1°F 277 3422 3202 -366.7 3375 7.2  -284 302 .25 6577 660T.6  J/¢(15)xe1(1P)
Ej o 1°Py 37~ 3423 3203 -366.7 3375 T2 669 &6 -25 6623 66531 J/¢(18)xc2(1P)
Sg > 2'pr 177 4147 6887 -263.4 5486 -11.2 0 ] -16 6925
28p, 0”7t 4100 689.6 -263.4 548.6  -5.6 -46.2 -34.5  -1.7 6851
I22p, 1+ 41000 6896 -263.4 5486 -5.6 -23.1 17.2  -1.6 6926 - - |
2P, 271 4100 6806 -263.4 5487 -56 231 -3.4  -1.7 6951
2%P 17T 3987 6805 -263.4 5486 -5.6 -69.3 242 1.7 6849
2°P, 277 3987 689.5 -263.4 5486 5.6 -23.1 242 -1.5 6944
BW BW BW 2P 37 398.8 680.7 -263.4 5486 56 462 6.9  -1.6  GI82
1 2 3 === | 3P 17— 4708 0822 -2155 7278 -9.3 0 0 -1 7221 - - |
m [MeV] 6552 +10+12 6927 +9+4 72871_%3 +5 R 077 4752 9827 -2155 72T -46 419 -31.0  -1.2 7153
33P 171 47h1 9826 -215.5 T27.7T -46 -20.9 155  -1.2 7220
T [MeV] 1241_32 + 33 1221_%;1 + 18 951_33 + 19 3P 27F 4751 9826 -2155 T2T8  -46 209 -3.1 -0 7243
N 470+120 492+7g 156+64 3-:'}:)] 1:: l[nf F}h"_’.h: _!1“ :_’:' -L.Ei. 628 -21._? 1.2 il:‘:(.]
—110 —73 —51 PR 2 465.7 0826 -2155 T2T.8 46 209 217 11 7236
37P; 377 4658 9826 -2155 T27T.8 46 419 6.2 -1.1 7271

» Some theoretical predictions match with our measurements
» However they predict a lot of another states
» Further steps
- measure JF¢ for better understanding
- collect more data to observe and resolve (may be) new states
- investigate another final states (yw(2S)J/y, YY, J/yY, to be continued ...) 4


https://arxiv.org/abs/2108.04017

Summary

Using a data sample corresponding to an integrated luminosity of 135 fb~1of pp
collisions collected by the CMS experiment at /s = 13 TeV in 2016-2018, rich
resonance structure was observed.

Masses and widths in non-interference model were determined to be:

M[BW1] = 6552 + 10 + 12 MeV; I'[BW1] = 12432 + 33 MeV  Observation (>5.70)
M[BW2] = 6927 + 9 + 4 MeV; T[BW2]=122%2% +18MeV  Observation (>9.40)
M[BWS3] = 7287423 + 5 MeV; T[BW3]=95%32 + 19 MeV Evidence (>4.10)

In interference case masses and widths were determined to be;

M[BW1] = 663813371 MeV; I'[BW1] =440+333*110 MeV
M[BW2] = 684714458 MeV; I'[BW2] =191185%25 MeV
M[BW3] = 713412811 MeV; I'[BW3] =97133122 MeV

All states are candidates in fully-charmed tetraquarks

Need more data and further studies for better understanding of exotic nature

Thank you for attention!
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Events / 0.028 GeV

Comparison with LHCb and ATLAS
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135/9 ~ 15X (int. luminosity)

(5/3)* ~ 8X (muon acceptance)

Higher muon pr (> 3.5 0r 2.0 GeV vs > 0.6 GeV)
Similar number of JhyJ/y candidates, but
significantly less NRDPS yield

2X yield for X(6900)
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CMS vs ATLAS

ATLAS has 1/3-1/2 of CMS data
ATLAS used dR cut — removed higher
mass region

CMS has slightly better resolution
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LHCDb model | (3 BW, no interference)
pdf(m) = ZN5(|BW5(””F m;, T;)|* ® R(m;)) + Nygrsps - pd fnrsps (1, p2) + Npps - pdfpps(m),

~ 220 , — CMS Preliminary 135 fb™' (13 TeV)
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X(6900) parameters are
Exp. Fit m(BWI1) T(BW1) m(6900) T(6900) consistent
LHCb [15] Modell | wunrep. unrep. | 6905+11+7 80119433 .
CMS  ModelI | 655010 112427 | 6927 + 10 117 + 24 The model poorly describes the
LHCh [15] Model Il | 6741 L6 288+ 16 | 6886 L 11 £ 11 168 L33 L 69 dips and ~7300 MeV region
CMS  Model Il | 6736 4+38 439+65| 691810 187 & 40
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