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® 1964: Quark model by Gell-Mann and Zweig.
Difference between conventional and exotic states
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Motivation

® 1964: Quark model by Gell-Mann and Zweig.
® 2003: Exotic state X(3872) in 2003 in Belle [colos.
e 2011-2021: New hadrons measured in LHC (eppu7.
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[Col03] Belle Collaboration. Observation of a narrow charmoniumlike state in exclusive
BE — Kiﬂ'Jrﬂ"j/v decays.

Phys. Rev. Lett., 91:262001, Dec 2003

[EPP17] A. Esposito, A. Pilloni, and A.D. Polosa. Multiquark resonances.

Physics Reports, jan 2017
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Overview

® | HCb measurements in 2015 & 2019. [coits, Col19]
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[Col15] LHCb Collaboration. Observation of j/p resonances consistent with pentaquark states in
g — j/% K™ p decays.
Phys. Rev. Lett., 115:072001, Aug 2015

[Col19] LHCb Collaboration. Observation of a narrow pentaquark state, P (4312)7, and of the two-peak
structure of the P (4450)7 .

Phys. Rev. Lett., 122:222001, Jun 2019
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® LHCb measurements in 2015 & 2019.
e Different approaches

Reviews: [Epp17, ccLZ16, LMS17, 05718, GHMT 18, ALS17]
One-gluon exchange: [pree7s, Cik79, Gigs, Cig6]
Goldstone-boson exchange: [spcos, wapPvoo, MPsos]

Lattice [aBct17, sp19]
[CI86] Maurizio Alberti, Gunnar S. Bali, Sara Collins, Francesco Knechtli, Graham Moir, and

Wolfgang Séldner. Hadroquarkonium from lattice qcd.
Phys. Rev. D, 95:074501, Apr 2017

[WGPV00] R.F. Wagenbrunn, L.Ya. Glozman, W. Plessas, and K. Varga. Extension of the gbe
chiral constituent quark model.
Nuclear Physics A, 666-667:29-32, 2000.

The Structure of the Nucleon

® Bethe-Salpeter approach

Luis Raul Torres Rojas

Baryons Review:[ESAWT16]
Tetraquarks: [EFHT20]

[ESAW+16] Gernot Eichmann, Christian S. Fischer, Walter Heupel, Nico Santowsky, and Paul C.
Wallbott. Four-quark states from functional methods.
Few-Body Systems, 61(4), oct 2020
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Our goal

® Calculate the properties of Pentaquarks using nonperturbative
functional methods, combination of Dyson-Schwinger
equations and Bethe-Salpeter equations.
[ESAWT16], [EFHT20]

dim K memory

Mesons 10 20Mb

Kij = A Baryons 108 107 Gb
Tetraquarks 103 10'8Gb
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Our goal

® Calculate the properties of Pentaquarks using nonperturbative
functional methods, combination of Dyson-Schwinger
equations and Bethe-Salpeter equations.

® Solve the 5-body equation.
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Our goal

e Calculate the properties of Pentaquarks using nonperturbative
functional methods, combination of Dyson-Schwinger
equations and Bethe-Salpeter equations.

® Solve the 5-body equation.
® Solve and compare with 2-body system.

Quark exchanges Hadronic exchanges
p-
P- ——— — Y
AIE
[ ) ¢ ¥ £
P P
\ | -—
P q P I g
|
=a X X a 1
— A =m—
P+ «— B
P+
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Dyson-Schwinger Equation for Quark Propagator

\
-1 1
_O_ = +
P (P
[
2
S(p)~t =Zy(ip + mo) + E(p), DM = ZE{’; )Tiw
2
X(p) =— %ZF/WMS(CI)DW(/‘)F”(/, k)
q

e Rainbow-Ladder Truncation

¢ Effective interaction
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Bethe-Salpeter equation for Mesons

Y

A

04

® The quark-antiquark bound state amplitude I'(p, P)

A
Tos(p, P) = / Kary5(p, 0, P) {S(a4)T(4, P)S(—q)}. 5
q
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Bethe-Salpeter equation for Mesons

Y

a

® The quark-antiquark bound state amplitude I'(p, P)
® Pseudo-scalar and vector meson amplitudes

4
. 1)
L(p,P)=> f°(q% z.P*) {iv’1(q, P)} ® % ® T3,
k=1 3

12
. )
D(q,P) =Y Re(a" 2 PP {imf(a. P)} 0 22 0
k=1
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Bethe-Salpeter equation: examples

* Eigenvalue spectrum for Pion (0~") and Rho (177)

anda

pGev]
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Conclusion & Outlook

® We studied the quark propagator with different methods in
the complex plane.

® We calculated the BSE for mesons/diquarks in different basis.

® Work the tensor basis for a Pentaquark in the 5-body BSE
and for a molecule picture.

® Calculate structure observables of pentaquarks such as their
electromagnetic form factors, which could be measured in
future experiments (LHCb, Amber).

Luis Raul Torres Rojas 7th PhD Student Workshop

PENTAQUARKS 13 /21



Conclusion & O
0080000000

T rrds

PhD Student Workshop

PENTAQUARK



Conclusion & Outlook
cocOceeeeeee

[ABCT17] Maurizio Alberti, Gunnar S. Bali, Sara Collins,
Francesco Knechtli, Graham Moir, and Wolfgang
Soldner.
Hadroquarkonium from lattice qcd.
Phys. Rev. D, 95:074501, Apr 2017.

[ALS17] Ahmed Ali, Jens Séren Lange, and Sheldon Stone.
Exotics: Heavy pentaquarks and tetraquarks.
Progress in Particle and Nuclear Physics, 97:123-198,
2017.

[CCLZ16] Hua-Xing Chen, Wei Chen, Xiang Liu, and Shi-Lin
Zhu.
The hidden-charm pentaquark and tetraquark states.
Physics Reports, 639:1-121, 2016.
The hidden-charm pentaquark and tetraquark states.
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[CI86] Simon Capstick and Nathan Isgur.
Baryons in a relativized quark model with
chromodynamics.

Phys. Rev. D, 34:2809-2835, Nov 1986.

[CIK79] L. A. Copley, Nathan Isgur, and Gabriel Karl.
Charmed baryons in a quark model with hyperfine
interactions.

Phys. Rev. D, 20:768-775, Aug 1979.

[Col03] Belle Collaboration.

Observation of a narrow charmoniumlike state in
exclusive BT — KTnt717j /1) decays.
Phys. Rev. Lett., 91:262001, Dec 2003.
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[Col15] LHCb Collaboration.
Observation of j /¢ p resonances consistent with
pentaquark states in § — j/¢K ™ p decays.
Phys. Rev. Lett., 115:072001, Aug 2015.

[Col19] LHCb Collaboration.
Observation of a narrow pentaquark state, P.(4312)7,
and of the two-peak structure of the P.(4450)%.
Phys. Rev. Lett., 122:222001, Jun 2019.

[DRGG75] A. De Rijula, Howard Georgi, and S. L. Glashow.
Hadron masses in a gauge theory.
Phys. Rev. D, 12:147-162, Jul 1975.
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[EFHT20]  Gernot Eichmann, Christian S. Fischer, Walter
Heupel, Nico Santowsky, and Paul C. Wallbott.
Four-quark states from functional methods.
Few-Body Systems, 61(4), oct 2020.

[EPP17] A. Esposito, A. Pilloni, and A.D. Polosa.
Multiquark resonances.
Physics Reports, jan 2017.

[ESAW+16] Gernot Eichmann, Helios Sanchis-Alepuz, Richard
Williams, Reinhard Alkofer, and Christian S. Fischer.
Baryons as relativistic three-quark bound states.
Progress in Particle and Nuclear Physics, 91:1-100,
2016.
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[GHM™18] Feng-Kun Guo, Christoph Hanhart, UIf-G. MeiBner,
Qian Wang, Qiang Zhao, and Bing-Song Zou.
Hadronic molecules.
Rev. Mod. Phys., 90:015004, Feb 2018.

[GI85] Stephen Godfrey and Nathan Isgur.
Mesons in a relativized quark model with

chromodynamics.
Phys. Rev. D, 32:189-231, Jul 1985.

[LMS17] Richard F. Lebed, Ryan E. Mitchell, and Eric S.
Swanson.
Heavy-quark qcd exotica.
Progress in Particle and Nuclear Physics, 93:143-194,
2017.
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[MPS08]  T. Melde, W. Plessas, and B. Sengl.
Quark-model identification of baryon ground and
resonant states.

Phys. Rev. D, 77:114002, Jun 2008.

[0SZ18] Stephen Lars Olsen, Tomasz Skwarnicki, and Daria
Zieminska.
Nonstandard heavy mesons and baryons:
Experimental evidence.
Rev. Mod. Phys., 90:015003, Feb 2018.

[SP19] U. Skerbis and S. Prelovsek.
Nucleon-j /1 and nucleon-7. scattering in P.
pentaquark channels from lattice qcd.
Phys. Rev. D, 99:094505, May 2019.
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[SPGI8] FI Stancu, S. Pepin, and L. Glozman.
How the “h particle” unravels the quark dynamics.
Physical Review D, 57:4393-4396, 04 1998.

[WGPVO00] R.F. Wagenbrunn, L.Ya. Glozman, W. Plessas, and
K. Varga.
Extension of the gbe chiral constituent quark model.
Nuclear Physics A, 666-667:29-32, 2000.
The Structure of the Nucleon.
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