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The LHCb detector

- Heavy hadron spectroscopy
IS a powerful tool for

understanding how QCD works

at “atomic” scale

= LHCD - forward spectrometer at LHC
with excellent
* momenta/mass,
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= vertex/time resolution

= particle identification (K/Tt/p/y) ...
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Contribution Significance [x o] My [MeV] [y [MeV]

F [%]

X(2-)can’t rule out other J°

r X(4150) 48 (8.7) 4146+ 18+33 135+28+3
= X Jcant rulé out2” " "~ "

2.0+0.5+93

X (4685) 15 (15) 4684+ 7715 126+ 15730

72+1.07

w X | X(4630) 55 (5.7) 4626 161,18 174+2713  26+0572)
All X(0) 20 + 514
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All X(11) 26+ 3+.2
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Wiz

In B.° > J/yommt a X—»J/L|J(p state is seen around

4.74 GeV with $~5.50% iy 4740 = 474146 +6 MeV/c?

F}C(d‘fdﬂ} — 53 +154+11 MeV ]
may be consistent with being X(4700) from B* - J/WoK

Ivan Polyakov, Syracuse University

Yield/(15 MeV/c]

0 BY— X(4740)7tn—
o BYs Jfyntne

LHCb



https://arxiv.org/abs/2103.01803
https://arxiv.org/abs/2103.01803
https://arxiv.org/pdf/2011.01867.pdf
https://arxiv.org/abs/2103.01803

QQQq'q” states are anticipated for 40 years and are the prime candidates
within all other exotic systems to be tightly bound and weakly-decaying
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Hadrons with two c-quarks at LHCDb

- The observations of =_*™ [ccu] and X[ccec] - I/ indicate that if
the [ccud] exists it should be accessible at LHCb in DD® final states
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Select prompt D°D°mt* candidates via D° - K'1t*

Require non-prompt K & 1" with high p.. LHCb-PAPER-2021-031 in prep.
Require good quality of track, vertexes I HCh Breliminars 0Tyt

& particle identification

Ensure no K/t candidates belong to
one track (clones)

or duplicates or reflections via mis-1D
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Systematic uncertainties and result

LHCb-PAPER-2021-031 in prep.

- P r ellmlnal’ y Source Osmpw [kev/ EQ] OTrgw [k[—ﬂ“r]
F'it model
Resolution model 2 7 !
Resolution correction factor 1 30 g
Background model 3 30 1
Model parameters =1 =
Momentum scale 3 — B
Energy loss corrections 1 — -
D**+ — DY mass difference 2 — o
Total 5) 43 -
J¥ quantum numbers i 38 T e el
dmpw = —273+ 61+ 5711 keV/c’ = consistent with
r 410 + 165 + 43 33 keV 1/3 of theory
BW = e predictions

= Best precision on mass wrt corresponding threshold of all exotic hadrons!
Even better than for A, 2, = ™ ...

= Afit with dedicated model with adequate treatment of DD* thresholds is

coming soon ... LHCb-PAPER-2021-032 in prep.
Ivan Polyakov, Syracuse University 12




D’D? and D°D* mass distributions

I LHCb-PAPER-2021-031 in prep.
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= Two more stuctures at thresholds are seen:
- narrow (<1MeV)in D°D°  (is it X - D°DOtt* ?)
-wide (>1MeV) in D°D*  (is it X - D°D*1t%y ?)

— speaks towards the isoscalar T_* with J°=1" interpretation
= See these (and more) studies in details in oncoming

LHCb-PAPER-2021-032 in prep.

- Estimate on yields wrt x_,(3872):  N(T_ - D°D°m)

N(x_,(3872) - D°D°r°)

~ 1/20

Ivan Polyakov, Syracuse University 13



PRL 125 (2020) 242001

Observation of [cuds] tetraquark in B* - D*D'K* [Fro 102 zoz0) 112003
Observation of new Z - J/Y@ and Z - J/PK in B* - J/P@K | Licorarer202004
(and B - J/peTim) JHEP 02 (2021) 024

A novel class of hadrons observed — [ccud].
consistent with predicted T_* with J°=1*

near D°D** threshold LHCh-PAPER-2021-031/32, in prep.
- new J/\-quality input for spectroscopy calculations! . _

Observation of /\bo — XclpT[_ LHCb-PAPER-2021-003
See new discoveries in pentaquarks in talk by Jinlin Fu, in 30 min [link]

LHCb Upgrade is ongoing, will have x5 more statistics by 2030.
next portion of interesting results is awaiting

~1 visible ~5 visible ~50 visible
interactions interactions interactions
LHCb — LHCb Upgrade | LHCb Upgrade I —
m—m—m-m-  Run6 | ’
B loa~8fr 192 r-2x10% > . -son [ -2 x 10 Lo > Lot~ 300 b
w CMS Phase 2 uoomades
-mm-mmmm -mm--lllll-"
LHCb Upgrade | T_ LHCb Upgrade I{b): incremental

installation starts improvements/prototype detectors

Ivan Polyakov, Syracuse University 14
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Our distinguished colleague,
beloved member of LHCb and
whole hadron physics
community has passed away.

His contribution to the field will
have a lasting impact in future
generations.

We dedicate the oncoming
papers on the observation of
the T_* to his memory.

15



Ivan Polyakov, Syracuse University 16



Referencs

&' [I‘rI e"u'}" L'ﬂ]

J. Cearlson, Lo Heller and J. A Tjon

B. Silvestre-Brac and C. Semay

. Semay amd B. Silvestre-Brac

8. Pepin, F. Stanen, M. Genovese amd
J.o ML Richard

B. A. Gelman and S, Nussinov

Jo Vijamde, F. Fernandez, A, Valearce, A, amd
B. Silvestre-Bra

D Jane amd M. Rosina

F. MNavarra, M. Nielsen aml S, H, Les

I Vijande, E. Weissman, A, Valearce

D. Ebert, R. N. Famstov, V. 0. Galkin and
W. Lucha

5 H. Lee and 5. Yasui

Y. Yamg, . Deng, J. Ping amld T. Goldman
G-0) Feng, X-H. Guo aml B.-S. Zou

Y. Ikeda, B. Charron, §. Aoki, T. Doi, T. Hatsuda,
T. Inoue, N. Ishii, K. Murano, H. Nemura and
K. Sasaki

E—Q Luo, K. Chen, X, Lin, Y.-I. Lio aml 8-
L. Zhu

M. IKarliner and J. Rosoer

E. J. Eidten aml C. Cuuige

Z. GG, Wang

G K. O Cheung, C. E. Thomas, J. 0. Dudel and
K. G Edwands

W. Park, 8. Noh amd 8. H. Lee

A. Francis, K. J. Hudspith, K. Lewis and K. Malt-
1ELALE

P. Junmarkar, N, Mathor and M. Padimanath

[ Deng, H. Ol s J. Ping

M.-Z. Lin, T.-W. Wu, V. Pavon Valderrama, J.-
J. Xie amd LS. Geng

G. Yang, J. Plng and J. Segovia

Y. Tan, W. Lu and J. Ping

-F. Li, DAY, Chen and Y-B. Dong

E. Braaten, L-P. He and A. Mobapatea

D, Gac , D0 Ja, Y- Sun, . Zhang, W.-IN. Liu
and ). Mei

J-B. Cheng, 8-Y. Li, YR Lin, Z-0G. 8, T. Yao
8. Mok, W. Park aml 8. H. Lee

L. N. Faustov, V. 0. Galkin amd E. & Savchenbo

Ivan Polyakov, Syracuse University

1987

e ]
+1%
[—1.,+13]

<0
[—25, +35]
-112

[=3.-1]
+91
[—16, 450]

SRill]

=70
=18
=215

[—70, +124]

+ LW}

T+12=1
+ 102
+25 £ 00

=0
+08

+13

=300

=00

=10k
G

0 10 200
[MeV/e?]

17



Iv

[36] J. Carlson, L. Heller, and J. A. Tjon, Stability of dimesons, Phys. Rev. D37 (1958)
744

[37] B. Silvestre-Brac and C. Semay, Systematics of L = 0 q*g* systems, Z. Phys. C5
1993) 273, [2)

[38] C. Semay and B. Silvestre-Brac, Diguonia and potential models, 2. Phys. C61 (1994)
271

[39] 5. Pepin, F. Stancu, M. Genovese, and J. M. Richard, Tetraquarks with color blind
forees in chiral quark models, Phys. Lett. B393 (1997) 119, arXiv: hep-ph/9608348,
@

[40] B. A Gelman and S, Nussinov, Does o narrow fetragurk ol state exist?,
Lett. B551 (2003) 296, [arXiv:hep-ph/0209095, [2]

[41] 1. Viande, F. Fernandez, A, Valcarce, and B. Silvestre-Brac, Tetraguarks in a chiral
constituent quark model, Eur. Phys. J. A19 (2004) 383, |arXiv:hep-ph/0310007 EI

[42] D. Janc and M. Rosina, The T.. = DD* molecular state, Few Dody Syst. 35 (2004)
larXiv: hep-ph/ 0405208 |E|

[43] F. S. Navarra, M. Nielsen, and 8. I Lee, QCD sum rules study of QQ —7d mesons,
Phys. Lett. B649 (2007) 166, arXiv:hep-ph/0703071. [2]

[—1—1-] J. Vijande, E. Welssman, A. Valearce, and N. Barnea, Avre there compact heavy
four-quark bound states?, Phys. Rev. DT6 (2007) 094027, arXiv: 0710.2516 EI

[45] D. Ebert, . N. Faustov, V. 0. Galkin, and W. Lucha, Masses of tetraquarks weth
two heavy quarks in the relativistic quark model, Phys. Rev. D76 (2007) 114015,
lar¥iv:0706.38563

[46] 5. I Lee and 5. Yasui, Stable multiquark states wnth heavy quarks on o diquark
model, [Eur. Phys. J. C64 (2000) 283, arXiv:0901.2977 [2]

[47] Y. Yang, C. Deng, J. Ping, and T. Goldman, ps-wave QO state in the constituent
guark model, Phys. Rev. D80 (2009) 114023 EI

[48] G-Q). Feng, X.-II. Guo, and B.-5. Zou, Q@iid bound state in the Bethe-Salpeter
equation approoch, arXiv:1309.7813 E

[49] Y. Tkeda et al, Charmed tetraguarks Top and T from dynamical lottice QCD
simulations, | Phys. Lett. BT29 (2014) 85| |arXiv:1311.6214 EI

[50] S.-Q. Luo et al, Exotic tetraquark states with the qqQQ configuration, Eur. Phys. ]
C77 (2017) 79, larXiv:1707.01180 [2]

[51] M. Karliner and J. L. Rosner, Discovery of doubly-charmed Z.. bargon implics
a stable {bbind) tetmquurkJP}lys. Rev. Lett. 119 (2017) EUEUUII ar¥iv :17{}7.{}7656L

[52] E. 1. Eichten and C. Quigg, Heavy-quark symmetry implies stable heavy tetragquark

mesons Q) ;7eq, Phys. Rev. Lett. 119 (2017) 202002, arXiv:1707.09575 @

[3] Z.-G. Wang, Analysis of the axiglector doubly heavy tetraguark states with QCD
sum rules, Acta Phys. Polon. B49 (2018) 1781 arXiv:1708. 04545 E

[64] Hadron Spectrum collaboration, G. K. C. Cheung, C. E. Thomas, J. J. Dudek, and
R. G. Edwards, Tetragquark operators in lattice QCD and exotic faveur states in the
charme sector, [JHEP 11 (2017) 033, arXiv:1709.01417. @

[55] W. Park, 5. Noh, and S. H. Lee, Masses of the doubly heavy tetraquarks in a con-
stituent quark model, Acta Phys. Polon. B50 (2019) 1151, arXiv:1808.05257. @

[56] A. Francis, R. 1. Hudspith, R. Lewis, and K. Maltman, Evidence for charm-bottom
tetraguarks and the moss dependence of heevy-light tetreguark stales from lnttice
QCD, Phys. Rev. D99 (2019) 054505, )arXiv: 1810.10550, [2]

[67] P. Junnarkar, N. Mathur, and M. Padmanath, Stedy of doubly heavy tetragquarks in
Lattice QCD, Phys. Rev. D99 (2019) 034507, arXiv:1810.12285

[58] €. Deng, I Chen, and I. Ping, Systematical investigation on the stability of doubly
heavy tetraguark states, [Eur. Phys. J. A56 (2020) 9, arXiv: 1811.06462] [2]

[59] M.-Z. Lin et al., Heavy-quark spin and flavor symenetry partners of the X(3872) re-

wistted: What con we lenrn from the one boson exchange model?,
(2019) 094018| [arXiv: 1802.03044/ [2]

[60] G. Yang, J. Ping, and J. Segovia, Doubly-heavy tetraquarks, Phys. Rev. D101 (2020)
01400T] arXiv:1911.00215 [3

[61] Y. Tan, W. L, and 1. Ping, Q0qq in a chiral constituent quark model,
J. Plus 135 (2020 716, arXiv:2004.02108, [2]

[62] O.-F. Lii, D-Y. Chen, and Y.-B. Dong, Masses of doubly heavy tetraquarks Toge in
a relativized quark model, |Phy*s Rev. D102 (2020 (}3—'1-(]12L [aIXiv:‘.'l{}DS DBOB'Tl @

[63] E. Braaten, L.-P. He, and A, Mohapatra, Masses of doubly heavy tetraguarks with
error bars, Phys. Rev. D 103 (2021) 016001} [arXiv:2006.08650] [2]

[64] D. Gao et al., Masses of dounbly heavy tetraquark states with isospin = 1 and 1 and
spineparity 175, [ar¥iv:2007. 15213 E'

[65] J-B. Cheng et al., Double-heavy tetraguark states with heavy diguark-antiquark
symaneetry, jarXiv: 2008, 00737 E

[66] S. Noh, W. Park, and S. H Lee, The doubly-heavy tetraquarks (qq'QCQ) in
@ constituent quark model with a complete set of harmonie oscillotor bases,
ar¥iv:2102.09614 [@

[67] R. N. Faustov, V. 0. Galkin, and E. M. Savchenko, Heavy tetrogquarks n the
relativistic quark model, [Universe T (2021) 04| arXiv:2103.01763. IEI

18



I Data
— Total fit

Background
~4% bkg fraction

Candidates / (2 MeV)

N}
S
(=]
(=]

58 3
523

S
S

S

3
Candidates / (10 MeV)

Candidates / (10 MeV)

—
¢
>
=
ﬂ.
E
EE

s g

2 22
Mg [GeV]

Ivan Polyakov, Syracuse University


https://arxiv.org/abs/2103.01803

Model improvements LHCb-PAPER-2020-044
Include tails of K* resonances at ~1.4 GeV
Add more X - J/Y@ and Z__ - J/YK* states
- firstly with JP=1* (largest improvement),
- later with other quantum numbers
— found a need for 3 more X states and 2 Z__ states

with >5¢ significance (except for one X)

new default model: 9K* + 7X + 1X(NR) + 2Z__

Get good data description

Candidates / (10 MeV)
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Demonstration of effect of adding Z__ states

The “narrow” Z at4GeV IS evident

LHCb-PAPER-2020-044
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NOT consistent with
Z_(3985) observed by BESIII
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Contribution

Significance [ X o]

M, [MeV]

[y [MeV]

FF [%]

X2~ )can ’t rule out other JP

X (4150) 4.8 (8.7) 4146 +18+33 135+28+3  20+05198
X(l—)can’t rule out 2
ew X | X(4630) 5.5 (5.7) 4626 +16%,18 17442711 26405129
All X (0F) 20+5+1
Run1[™ v 2=00) 20 (20) M74+3+3 7769 56+0.7F24
X (4700) 17 (18) 4694 + 419 87 £8*%¢ e = e
NR /g0 4.8 (5.7) 28 +8F19
All X(11) 26 + 31,2
X (4140) 13 (16) 4118+ 1171  162+21+2%  17+3%L°
X (4274) 18 (18) 4294+ 413 53+ 5+5 BB8L05 " 04
[ X(4685) 15 (15) 4684+ 77  126+1575  7.2+1.0750 |
All Z,,(1%) 25+5%5;
New Z . [77..(2000) 15 (16) 4003+6%,1  131+15+26 94+21+34
Z.,(4220f2M IS LYy 4216+ 2448 233+ 52+T 10+ 4+10
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mx(ar40) = 4741 +6 +6 MEV/CE )
F}({d'?dﬂ} - 93 =15+ 11 MeV ;

= Also many results for BR’s of
JIPK*K*O P(2S)K*K,
X(3872)K+K-... modes
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