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Results on Pentaquark spectrum

New charmonium pentaquark states from LHCb, ATLAS;

e 2015 LHCb discovery: exotic signals in A, =J/ypK decays;
o 2019 update (LHCb Run II results);

o ATLAS Run I results;

» Pentaquarks in Tevatron data;

 Photoproduction channel;

Pentaquark with strangeness;

Theoretical highlights, perspectives and plans;
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Pentaquark results from LHCb

In 2015 LHCb experiment discovered exotic contributions to A, —=J/WpK decays (26K A, candidates analyzed);

Two signals in M{J/(p) spectrum was consistent with pentaquark states P.(4380) and P.(4450);

Significance of the two signals observed to be 90 and 120 respectively;
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Later the evidence for exotic contribution was also seen in A, —=J/y,p, it decays;

Significance of two pentaquark signals + Z.(4200) tetraquark signal is 3.1c;

Significance of two pentaquark signals without Z.(4200) is 3.3c;
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P.(4440) (widths 64 wn 21 MeV respectively) and 5.40
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New state P (4312) (width ~10 MeV) and 7.40 significance has
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Pentaquark studies at ATLAS experiment

ATLAS-CONF-2019-048

Events / 10 MeV

-
n
o
o

—_
o
o
o

800

600y

400

200

P
" ATLAS Preliminary
" Ys=7,8TeV;4.9,20.6fb’

L JaE Y

—e— Data

[0 Ap—>JlwpK
[ Ap—JiypK refl.
[ combinatorial BG
[ B—JiyKn
[ B.—J/yKK
[ B,—Jlynn
[ B.—Jiynn

| T |

‘IIJ{\II'\II\II\LI

5.8
M(WJAy, p, K) [GeV]

59

Parameter Value LHCb value [5]
N(Pa) 4007130 (stat) 1O (syst) -
N(P2) 1507100 (stat) 35 (syst) -
N(P.i +Pa2) 540750 (stat) T 70 (syst) -
Ag 2.8719(stat) *) 3 (syst) rad -
m(P.1) 42823 (stat) 2B (syst) MeV | 43804829 MeV
(P.) 140777 (stat) H3] (syst) MeV | 205+ 18486 MeV
m(P2) 4449+20 (stat) *13 (syst) MeV | 4449.8+1.7+2.5 MeV
[(P.2) 51952 (stat) T2 (syst) MeV | 3945419 MeV

Events / 20 MeV

With ATLAS Run I data the amplitude analysi of ~1K of A, —=J/YpK has
been performed; signal area is contaminated by physical and
combinatorial background
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Parameters of pentaquarks are consistent with those measured by
LHCb; 4 P. hypothesis is also consistent with ATLAS data;
'‘No-pentaquarks’ hypothesis describes data poorly (p-value=9.1-10-3)
Run II studies are ongoing;
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' ' ' DO experiment performed analysis of the inclusive M(J/yp) spectrum. Signal
5000 DO Run II, 10.4 fb' has been observed consistent with LHCb parameters for pentaquarks.
Significance of the signal is 3.70 and yield is 830+206 events;
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ata are not sensitive to state and to separation o an
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Interestingly, requiring events into /A, mass window decreases significance to 2.30 and yield to 82+37 events
(right plot).
This implies that most of pentaquarks are produced not from A, decays;



Photoproduction channel yp—X —J/(p has been studied at GlueX experiment.
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Limits at the 90% C.L. are set for the
cross section times branching ratio for
the known pentaquark states:

4.6 nb for P(4312)
1.8 nb for P.(4440)
3.9 nb for P (4457)



N, =J/W,p,K decays simulation

Conventional decay chain Exotic decay chain

A, rest frame

A, (By) rest frame

J/y rest frame

J/y rest frame

R rest frame

A*(K*) rest frame

Decay kinematics suggest that exotic contributions can reveal themselves not only
via mass spectrum but in the angular distributions as well (ref. plot from LHCb

LHCpr,gGeV pentaquark 2015 paper (left));
b Arean Amplitude analysis approaches usually operate multi-dimensional (masses, angles)
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Pentaquarks: theoretical highlights...

 P.(4312), P(4440), P(4457), P.(4459) are narrow states close to baryon-meson decay thresholds;

»  Several theoretical models applicable: compact pentaquarks, hadro-charmonium states, triangular
singularities, 2D ‘molecular’ bound states, etc.

»  Branching ratios between different decay channels are the observables that are most sensitive to
internal structure of these states;

*  Thus, new measurements needed: other decay modes, spin-parity measurements, precise decay
constants measurements, discovery of other states in exotics spectrum;

*  Naive QCD predicts electrically neutral P, partners, pentaquarks with strangeness (seems to be
discovered), etc.

K-

Loosely — bound pentaquark Tighly — bound pentaquark

D° or D*°

A.(2595)*

I

= J/p (cO)p(uud) suvypressed (P narrow) = J /Y (cC)p(uud) easier (Pt wider)

*  Experimental studies are ongoing;

I.Yeletskikh, Conference on Flavor Physics and CP Volation (FPCP2021), 07-11.06.2021
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Study of di-J/¢ production and 4p resonances

 LHCb discovery in the 4 invariant mass spectrum
» Exotic double-charmonium state?



+ higher order
processes with, e.g.,
additional light jets
or c-jets in the final
state

LO of NR-SPS

There are basically two mechanisms of di-J/i production: SPS (Single Parton Scattering) and DPS (Double
Parton scattering);

Possible resonant production is (very likely) related to SPS mechanism (see diagrams);

Interference effects are expected between NR-SPS and signal, thus, in case spin-parity measurement of the
possible resonance, one needs to sum up amplitudes for these processes coherently;

Threshold effects are expected near the di-J/i threshold and interfere with NR-SPS background;

DPS (similar to combinatorial bkg) and can be well modeled using, e.g., event mixing approach;
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J/W pair spectrum in LHCb data
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J/W pair spectrum in LHCb data
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Exotic states decaying into J/ym*, J/YK* and J/Yo

Z states in J/AWK* final states;
e Xstates in J/y final states
Z_ states in J/ym* states;



New states in B*—J/WK*@ decays
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LHCb performed amplitude analysis of ~24K candidates of B*—J/(WK*¢p decays;
Several exotic contributions to these decays have been observed;
Z..*(4000) state is observed with significance 150. M=4003+6*4,,, '=131+15+26;
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New states in B*—J/WK*@ decays

arXiv:2103.01803
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New states in B*—J/WK*@ decays

arXiv:2103.01803

Contribution Significance [xa) M, [MeV] Ty [MeV] FF [%]
All K(17) 25£47 0
2P, K(1%) 4.5 (4.5) 1861 £ 10758 149+ 4177
2P, K'[17) 4.5 (4.5) 1911 3719 276 £ 50 798
1P, K (1400) 9.2 (11) 1403 174 15371
All K(27) 21+0477)
1'Dy  K(1770) 79 (8.0) 1773 186
13D, K,(1820) 5.8 (5.8) 1816 276
AlLK(17) S0 +4t10
"Dy K*(1680) 4.7 (13) 1717 322 14 £2+%
258, K*(1410) 7.7 (15) 1414 232 w5t
K(2)
2P, K3(1980) 1.6 (7.4) 1988 + 227190 1R+t 23405407
K{07)
215, K{1460) 12 {13) 1483 336 Ww2+12+18
X(2-)
X (41507 4.8 (8.7) 4146 £ 18 £33 135+ 2875 20£0.57%8
X(17)
X (4630) 1.5 (5.7) 4626 £167 18 174yt oG5t
AILX{0T) st
X (4500) 20 (20) MT4+3+3 TT67 5607
X(4700) 17 (18) 4604 471 RT 8T8 RO+12H48
NR j/us 48 (5.7) wert]
All X(1%) w%+37 3
X (4140) 13 (16) 4118+ 11758 162+21 75 IT£357
X (4274) 15 (18) 4294 £ 472 53£5+5 25405708
X [(4685) 15 (15) 4684+ 7 12641577 72410140
All Z_,(17) 25t
Z.,(4000) 15 (16) 4003678 131£15+26 04+21+34
Z.,(4220) 5.0 (8.4) 2162478 o33+ 50ty W44

In addition to exotic conributions to J/y@
spectrum reported in 2017, two new states
X(4630) and X(4685) are observed (ref. table).

All (charged and neutral )states observed are
relatively wide (F'~100-200 MeV), the
question about their structure is to be
addressed: these could be candidates for
compact tetraquarks;

200270 (£102) S6 4 "9y "sAyd
€00220 (£T02) STT N1o7 A9y sAyd
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Z(4200) was discovered by BELLE collaboration with a significanceof 6.20 in 2014. An amplitude analysis was performed to
determine the parameters of this state:

In 2008 BaBar collaboration performed model independent analysis of
B%- J/YKrt decays to study Z (4430) state. No evidence of Z (4200)
existence was found; ATLAS Run I studies gave hint on presence of Z,
contribution to B-meson decays;

500

P - - + - B )
A T —— S - 2 M = 419613117 MeV
Mass, MeV /¢ 4318 £ 48(4315 £ 40419675, [[4209 £+ 14 (4203 £ 24
Width, MeV  [720 + 254| 220 + 80 [370 = 70| 64 +18 | 121 + 53 [ = 37070170 MeV
Significance (Wilks)| 3.90 2.30 8.20 3.90 1.90
In 2019 LHCb collaboration performed

% e % e e % k) 32 68V model independent analysis of B®— J/PKmnt
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Exotic states in J/Ymt* spectrum: Z_ states ATLAS-CONF-2019-048

ATLAS analyzed ~10K B%—-J/Km decays with Run I data w.r.t. properties of intermediate states. Data description without
exotic contributions is not satisfatory (right plot) and demonstrates hint on Z.*(4200) contribution.
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e Z(4200) is also one of the exotic candidates with large (~300-400MeV) decay width, implying specific internal
structure of this state;

*  Many theoretical works are dedicated to the physics of this state:

. Eur.Phys.J. C75 (2015) 8, 358; -- Z, as tetraquark state;
PHYSICAL REVIEW D 98, 094028 (2018); -- Z. as hadro-charmonium;

. PhysRevD.100.051502; -- Z_ as triangular singularity;

. Int. J. Mod. Phys. A30 (2015) 1550168 -- Z. as DD* molecular state;

I.Yeletskikh, Conference on Flavor Physics and CP Volation (FPCP2021) , 07-11.06.2021 21



Exotica in the D*K" spectrum: open charm tetraquark



Exotica in the D*K™ spectrum: open charm tetraquark arXiv:2009.00025

LHCb analyzed 1260 candidates of B*—=D*D-K* decays. . e Simulation
Model independent analysis showed evidence for the exotic %
contribution to the D*K- spectrum. %‘ 80 LHCbH
an T 1 ] = a
2 LHCb] ool
> . a
Y 250 (aJt =
p= E E 40 1
T 200 3 @
~—~ N =
8 150 = 2 20
< ] @
= : S
}g 100 = 0-
< ] 2.4 2.6 2.8 3.0 3.2 3.4
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5300 5400 5500 5600
m(D'DK") [MeV/c?|

The estimated significance of the signal is 3.70 and its mass is around 2.9GeV.
This discrepancy could be explained by a new, manifestly exotic, charm-strange
resonance.
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Searches for X(5568) decaying into B, mt*



Study of X(5568) state in B.;t* decays

Phys. Rev. Lett., 117, 022003

DO experiment claimed evidence for the X(5568) state decaying into B.t*, naturally interpreted as bsud tetraquark

candidate.
a0 —
= DO Run II, 10.4 f5'
rtl‘g‘ ” E_ (a) - DATA
3 70 ;— Fit with background shage fixed
E 60 ;— T
s of
< 30 ;—
20 i—
w0k
nj R T T P T
15
Lol
% UQ #H Hmﬂ# . ﬂ## ﬂ*ﬁﬁ#ﬁ#
Eatuny AT
x 10f
5.55 5.|55 5!5 5.;35 5_I? 5.|?'5 578 5_|35 59
m (B %) [GeVic?)

None of other experiments observed
significant signal in the correspondin
mass region...
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Other experiments performed analyses to search for this state:

£0020T ‘02T ‘1197 A9y "sAyd

€00TST ‘LTT "1a7 A3y "sAyd

Candidates / 5 MeV

CMS 19.7 ib™ (8 TeV) -
r (a) >
800 - R TR PR AR IR IUREE EASA
i H{.{'{}‘} Y 4t d i 4t }{ff *H’H*{L}{: ‘?5
600 |- {H*} —
i *'}']"} t B?signal region .3
400 :_ i** B? sidebands §
L ‘B
200 _—’I‘ B
A &
L PR [ TR TN TR TN NN TR TR RN T N L
5.5 5.6 5.7 5.8 59
M*(Blr) [GeV]
120 ;S-
% 100 - , -
% B; signal region 2
E 80 [~ 5
E; 60 | =
8 S
% 40 - B! sideband regions o
= )
S 20| S
3
0 ! I ! &
5.5 5.6 57 5.8

59
GeV/225

M(B? %)



Conclusions

»  Exotic hadronic states represent a field of new physics within the Standard Model;
« Many of the states have been expected in theoretical studies, many have unexpected properties;

* There is a wide set of theoretical models within QCD that describe physics of pentaquark and
tetraquark states, new experimental studies are needed to provide constraints for these models;

»  Experimental efforts are focused on discoveries of new states, precise measurements of the observable
properties for the exotic candidates, observations of new decay channels, etc.

«  Experimental techniques allow studying wide resonances with exotic structure, providing precise
backgrounds estimations, accounting for complex interference effects, performing multi-dimentional
kinematic analysis, etc. This provides vast amount of information for the theory...
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Thanks for your attention!
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