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Baryon spectroscopy from lattice QCD

* Constituent quark model describes baryons as three-quark bound states
* Ground state baryons that have constituent u, d, s quarks
Octet: N, X, 5, A, Decuplet: A, X%, =%, Q
* Excited states of u, d, s quark baryons are described by SU(6) @ 0(3) model
* Many heavy flavored baryons were observed in experiments recently
(For the expt. and theor. status see the review arXiv:2204.02649)

* Exotic baryon states (P.)observed by LHCb in J /Yp final states
P.(4312), P.(4380), P.(4440), P.(4457)

which have the minimal quark configuration uudcc.

* Since most baryons are resonances, meson-baryon interaction should be considered
in lattice QCD.



1. Ground state baryons (octet and decuplet)
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C. Kallidonis, PRD96 (2017) 034511
[1704.02647]. See the Refs. therein
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Sz. Borsanyi et al., Science 347 (2015) 1452-1455
[arXiv:1406.4088 ]

Lattice QCD calculations reproduce the experimental spectrum of octet and

decuplet baryons (without considering the resonance nature of decuplet baryons).

Even the mass-splittings between isospin partners can be determined to a high
precision with the QCD and EM contributions being distinguished.
A subtle cancellation of EM effects and m; — m,, effects




2. Charmed Baryon Spectrum from Lattice QCD
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e Singly charmed baryons: all the lattice results

are in agreement with expements (PDG 2020)
served as a calibration to some extent

* Doubly charmed baryons:

£+ (3621) observed by LHCb (2017) (grey band)
£F(3519) observed by SELEX (2002)

Lattice results consist with 21.F(3621), but are
higher than Z}(3519) by roughly 100 MeV.

o Ef(dcc) and EF* (ucc) are isospin partners,

their mass difference is expected to be a few MeV

* Lattice study does not confirm £} (3519).
* Other doubly charmed baryons are to be

discovered experimentally.




3. Bottom-charm Baryon Spectrum from Lattice QCD
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Hadrons Lattice Experiment
B.(07) 6276(3)(6)  6274.9(8)
B:(17) 6331(4)(6) ?
B.(0%) 6712(18)(7) ?
B(17) 6736(17)(7) ?
Zep(cbu)(1/27) | 6945(22)(14) 7
=/, (cbu)(1/27) | 6966(23)(14) ?
=5, (cbu)(3/27) | 6989(24)(14) ?
Qep(chs)(1/27) | 6994(15)(13) ?
QL (cbs)(1/27) | 7045(16)(13) ?
Q5 (cbs)(3/27) | 7056(17)(13) ?
Qeen(1/27) 8005(6)(11) 7
Q:(3/27) 8026(7)(11) ?
Qepp(1/21) 11194(5)(12) ?
sp(3/27) 11211(6)(12) ?

Charmed-bottom hadron masses are determined.
Chiral extrapolation and continuum extrapolation are performed.
The mass of B.(07) serves as a calibration for the calculation.



4. 00 and its excited states

 Apart from QY and Q.(2770)°, LHCb
observes five new narrow structures in £.K
final states.
0.(3000)° 0.(3050)°,0.(3066)°,
0.(3090)%,0.(3119)°
* Their J¥ quantum numbers have not been
determined yet.
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* There are energy levels lying away from Z.K and Z_K thresholds.
 There seems some correspondence between expt. states and lattice energy levels.
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. Excited states of nucleon and A baryons

Well-separated bands of levels
Bands appear alternatively in parity
The spectrum pattern complies with
the SU(6) @ 0(3) quark model.
Seemingly no evidence for diquarks
(the analysis of operator couplings hint
the existence of [20,17] multiplet
which is prohibited in the diquark
picture, see the Reference for details).

m/mo

) T
No evidence for the first 5 excited state

1
below the lowest 3 state.

The lattice prediction of the mass of the
+
excited state of nucleon is

o1

first =
2

very diverse.

The “Roper puzzle” has not been resolved.

No meson-baryon operator involved yet,

m,; is still heavy.

Nt scattering and even coupled channel

effects should be considered.
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* Experiment
7QCD (nucleon)
#QCD (Roper)
§ 7QCD (overlap + SEB)
§ 7QCD (clover + SEB)
§ 7QCD (clover + variation large)
§ xQCD (clover + variation small)
§ xQCD (overlap + variation)
BGR
@ Cyprus (twisted mass)
Cyprus (clover)
CSSM
¢ JLab

M. Sun et al., PRD101 (2020) 054511,

[arXiv:1911.02635]




6. P. statesand X.D(D™) scatterings
H. Xing et al., arXiv:2210.08555

* LHCb observed several P. states in J/ /1p final states
P.(4312), P.(4380), P.(4440), P.(4457)

which must have the minimal quark configuration uudcc.
17 o = — : : : :
e TheJ? = 5 YX.D and 2.D" scatterings are investigated via the Leuscher’s method:

0.2

2 = o
p cotSy(p(E)) = L—Zoo(li *(E)) .. 2D scattering:
VT o A bound state
p cot &y (p) =a—+zrp2 (ERE) ¢ 4 P.(4312)?
ses ° T+ ao(E.D) = —2.0(3)(5)fm,
as0] ~02 ro(SeD) = 0.46(6)(17)fm,
a55] . : T 2| Ep(z.D) = 6(2)(2)MeV,
%4450_ x % "~ _0.05 0.00 p(;.(E]Gsevz) 0.10 0.15
x i - | Z¢D scattering:
4300 2’5 30 35 4.0 45 0.2y + A bound State
* Points: finite volume energies E N _
of X.D (red) and Z.D*(blue) aﬂgfg*; - 1‘313(;))((13)1:
. . . To\ e = m,
* Curves: non-interacting energies + ol peDY) = 7(3)(1)MeV
* Of ZCD (red) and ZCD*(bllJE) ’ —0.05 0.:00 0.05 0.10 0.15 9

p?(GeV?)



Il. N scattering and A resonance

* Apart from the ground state baryons, all the excited baryon states are resonance
observed in hadron-hadron interaction amplitudes.

* So the resonance nature of a resonance should be investigated in the relevant
scattering processes.

* For a two-body scattering system, on a finite box of a spatial size L, what LQCD
can calculate are the energies E of the system.

* The Luescher’s quantization condition relates finite volume energy E to the
scattering amplitude M (E) by

det|F1(E,P,L) - M(E)| = 0
where P is the total momentum of the system and F~1(E, P, L) are mathematically
known functions.
* Couple channel effects should considered if there are more than one decay channels.
* The poles of M'(E) in the complex plane of E,,, connect the physical resonances or

bound states.
* See the review paper by Brecino et al. (Rev. Mod. Phys. 90 (2018) 025001) for details.

* There have been a few lattice studies on A resonance.
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1. Nm scattering and the A resonance
G. Silvi et al., PRD103 (2021) 094508 (arXiv:2101.00689) and references therein

Ng x N | 24° x 48 105 —
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Nconfz‘g 600 Gl i, G G e 26 G
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J content

K-matrix rescaled: K = p/?2Kpl/?

K relates to the phase shift: K/! = tan 7
R3/21) — VsT'(s)

o +h

m, = (1378.3 + 6.6 + 9.0) MeV
I,=( 164+ 1.0+ 1.4) MeV

Breit Wigner:
(mbw—)p 2 -;
g2, k3 Lo _ Jaxn En 4+ my k
F( ) = — EFT 48Tt FEn + E. mi,
6w s
Collaboration mx [MeV] Methodology ma [MeV] gA-xN
Verduci 2014 [38] 266(3)  Distillation, Luscher 1396(19) 5w 19.90(83)
Alexandrou et al. 2013 [37] 360 Michael, McNeile 1535(25) 27.0(0.6)(1.5)

Alexandrou et al. 2016 [39] 180
Andersen et al. 2018 [41] 280

Michael, McNeile

1350(50)

Stoch. distillation, Liischer 1344(20)pw

23.7(0.7)(1.1)
37.1(9.2)

Our result

255.4(1.6) Smeared sources, Liischer

1380(7
7)(9)pole

)(9)BW,

93.8(2.7)(0.9)

Physical value [5]

(
1378(
(

139.5704(2) phenomenology, K-matrix 1232(1)pw, 1210(1)p01e 29.4(3) [79], 28.6(3) [80]
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2. Elastic m — N scattering inthe I = %channel at the physical m;

(F. Pittler et al., PoS LATTICE2021 (2022) 226, arXiv: 2112.04146 )
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The lattice QCD procedure is similar

to that in the previous page.

Resonance parameters are close to the
experimental values, but with large errors

mp = 1255(25) MeV
I, = 140(120) MeV
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3. Progress on Meson-Baryon Scattering
(C. Morningstar et al., PoS LATTICE2021 (2022) 170 [arXiv:2111.07755])

* The single-channel finite volume Liischer approach is employed.
* Single Ny = 2 + 1 ensemble with m; = 200 MeV.

Preliminary results for I = %,% Nm amplitudes including the A(1232) resonance.
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6.0 e § 777777 | {
- e 3 .
™ D D D N N A 3 ™ 2 2 S
& & N = o N N 2 N 2 > 5>
OISR O RS A O O SRR A © Ol

Figure 1: Center-of-mass energies E.,, as ratios over the pion mass m, in the isoquartet non-strange sector
for various little group irreps. The dashed horizontal lines show the non-interacting energies of the expected
free two-particle states; the errors in the non-interacting energies are indicated by the gray boxes. The integers
in parentheses in the irreps indicate d* for total momentum squared P? = (2n/L)*d>.

13



10 = =
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Figure 2: Threshold factors times cotangents of the phase shifts for the P-wave (left) and S-wave (right) for
the isoquartet nonstrange channel against center-of-mass energies E., minus the nucleon mass My as a ratio
over the pion mass m . Best-fit functions are shown as solid lines with error bands shown as dashed lines.

Similar to the previous two studies, the best fit results are as follows:

% = 6.380(20), gang=13.7(1.5), x?/d.o.f. =174,

T

mray = -0.254(41), (mqa]”?) 7 =2.61(44).

Iane = 13.62 £ 0.50 + 0.43 (PRD103 (2021) 094508)
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lll. Nucleon (baryon) mass decomposition and o term

1. Proton mass decomposition from Lattice QCD
(Y.-B. Yang et al. (yQCD Col.), PRL121 (2018) 212001 [arXiv:1808.08677])

* The origin of hadron masses is still an open question
m,, mg ~3 —5MeV, my = 940 MeV
e Parton model sum rules—— taking the nucleon for example,
5 F2 ] = 0.5
Quark only contribute 50% of the nucleon mass, others are from gluons.
* QCD energy-momentum tensor(EMT) (X. Ji, PRL74 (1995) 1071)

1 1
_ 3
IEJ dxx(u+a+d+d+s+§)=j dx [9F$N — —FYN
0 0

_ - o 1
Ty = Zl/)ly(,uDv)l/) - FuaFa + Zgquz

- _1 £
Ty = 29wy |V [ My + g H,,,: quark mass term
THY — TUY 4 Fuv Hp: quark kinetic term
 QCD Hamiltonian decomposition Zg: iggﬂtcontrlbutlorll
o race anomaly

1
HQCD — Hm‘l‘HE +Hg +ZHa

whose matrix elements between proton state give the mass decompostion
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The final proton mass decomposition result in MS scheme at u = 2GeV
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e H
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AL
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m? (GeV)?

(Hy) O
o - 36(5)(4)%
(Hg) i
T 32(4)(4)%
(Ha) i
M 23(D(D)%
(Hm)

T = 9(2)(1)%

M = (H,,)+ (H,): QCD trace anomaly contributes almost 90% of the proton mass.

(Hyp) = Oy + O
o,n =46(7)(3)MeV,oy, = 40(12)(4)MeV

the o-term of u,d, s quarks

(Y.-B. Yang et al., PRD 94 (2016) 054503 [arXiv:1511.09089])
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2. o-terms of baryons

* The g,y of nucleon: o,y = %(mu + mg)(N|tau + dd|N), (N|N) =13,
* o term of a quark flavor g in a baryon |B): og, = m,(B|qq|B)
* Physical significance of nucleon o term:
Measures of explicit and spontaneously chiral symmetry breaking
N and KN scattering
guark mass contributions to baryon masses
coupling with WIMP dark matter through Higgs
*  Feynman-Hellmann theorem:

dMg
B dlnm,,
Yukawa coupling and Higgs mechanism
Ly ~9qqHq, H=h+¢o  ¢o=(H), mg=gqPo
N _ ONg _ dlnMpy B dlnMy
fo = My dlnm, dlng,
. qN: 1) the mass fraction of the nucleon that couples to the Higgs field via the
Yukawa coupling g, of quark g;

2) the fraction of the nucleon mass originating from the Higgs field via
the Yukawa coupling g,,.
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A. Octet and decuplet baryon o-terms and mass decompositions
(P. M. Copeland et al., arXiv: 2112.03198)

* Based on the lattice QCD results of octet and decuplet baryon masses by
PACS-CS and QCDSF-UKQCD,

» o-terms of baryons are derived through chiral SU(3) effective theory.

* The results provide constraints on the energy-momentum tensor mass
decompositions of the SU(3) octet and decuplet baryons.

1.6 :
MILS
1.4}
> .
(V]
O 1.2}
s | =l;
1.0} zf;
. MDLS
N i "
0.8 00 01 02 03 04 05
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TABLE 1. o-terms (o4, ¢ = £, s), baryon masses (Mg), and their ratios (fr,), together with the trace anomaly (fz.) and the
sum of the quark and gluon energy contributions (x) gq + ;(:r:) Bg, extracted from fits to lattice QCD data. The first uncertainty

is statistical and the second is systematic from the differences between the MILS and MDLS results.

B (MeV) | ope (MeV) o (MeV) Mg (MeV) fBe fBs fBa (@)Bq + 3(z)8q
N(939) | [ 44(3)(3) 50(6)(1) | 920(10)(10) | 0.047(3)(3) 0.053(6)(1)  0.900(7)(3) _ 0.675(7)(3)
A(1116) | 3L(D)(2)  196(5)(7)  1080(6)(10) | 0.028(1)(2) 0.176(4)(6)  0.796(4)(6)  0.597(4)(7)
$(1193) | 25(1)(1)  256(5)(7)  1145(5)(13) | 0.021(1)(1) 0.215(4)(6)  0.764(4)(6)  0.573(4)(6)
=(1318) | 15(1)(1)  365(5)(12)  1269(3)(12) | 0.011(1)(1) 0.277(4)(10) 0.712(4)(10) 0.534(4)(10)
A(1232) | 29(9)(3) 67(11)(3)  1263(28)(23) | 0.024(9)(2) 0.054(9)(2)  0.921(13)(3) 0.692(13)(3)
$*(1383) | 18(6)(2)  189(11)(9)  1385(13)(22) | 0.013(4)(1) 0.137(8)(7)  0.850(9)(7)  0.638(9)(7)
=*(1533) | 10(3)(2)  307(12)(15) 1520(6)(21) | 0.007(2)(1) 0.200(8)(10) 0.793(8)(10) 0.594(8)(10)
Q(1672) 5(1)(1)  418(14)(20)  1663(8)(18) | 0.003(1)(1) 0.250(8)(12) 0.747(8)(12) 0.560(8)(12)

The trace anomaly and quark/gluon energies decrease for strange baryons due

to their larger strange o-terms.
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B. (u,d,s,c, b,t) o terms of neutron
(Sz. Borsanyi et al. (BMW Col.), arXiv:2007.03319)

* Nf=1+1+1+ 1gauge ensembles using clover and HISQ fermion actions.
o termsof (u,d,s,c) quarks are derived using Feynman-Hellmann theorem
v Ong OlnMy
fq - -

My dlnm,,

10007 | |
1200 — | . | ‘
] o a0.1022 fm
o a~0.1022 fm a~0.1022 fm QCD+QED
a~0.1022 fm QCD+QED E o a~0.0888 fm
o a~0.0888 fm o a~0.0769 fm
o a~0.0769 fm $ o a~0.0637 fm
o a~0.0637 fm ]
1100 .
I s ]
— 5
3 = *
2 =
=
= 1 = +
900
| | | P T | | | L |
L 2 2 2 2 2
100° 200° , 300° 1007 2007 300 M;(Ii;l)z 10 MV 500
) x
M MeV?] «M/2 [MeV']

GMO relation: m, « %(277112{ — m721)
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 HQET derivation of fb’Yt: fora Ny + 1 theory with N¢ light flavors and one heavy
flavor that to be integrated out, PQCD calculations to higher orders gives

3

Ne N A\ Al
_ f fr ol
£ = E (bn —c, f,yf)ag 1+0 (—Q> . = § iy
=1

n=0

Nf Nf .. . . .
where b,,” and ¢, * are coefficients appearing in PQCD calculations.
Using m;, (m,,) = 4.18%% GeV, m;(m,) = 160.0_33 GeV and
as(my /) = 0.225(3)/0.109(1), one has

Nucleon Individual p and n

_ N 0.0398(32)(44) fP 0.0142(12)(15)
iV =0.08748(13) — 0.10129(39)f}, ¥ 0.0577(46)(33) f? 0.0242(22)(30)

_ & 0.0734(45)(55)  f 0.0117(11)(15)
fi' =0.09169(4) —0.09840(10)f2 £~ 0.0702(7)9) o 0.0294(22)(30)
N 0.0680(6)(7)

* The sum over the scalar quark contents of the nucleon, f;¥ = 2q qu

denotes the strength of the coupling of the Higgs to nucleons, in the limit of
vanishing momentum transfer.
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* Quark model
p(uud), n(udd)
R o oereig * gy = 37.4(5.1) MeV, £, =~ 4.0(5)%
W sysemetc uncenany * ogy includes u, d sea quark contribution
* Yomscnilq = 26.9(9)% (sea quarks)
* The rest part are from gluons

N
'z e Sea quark and gluon contribution are
due to quantum fluctuation——QCD trace
f anomaly
f*’ * Trace anomaly contributes at least 95% of
\\
gL nucleon mass

q ese“\as _ u,d
My = (%) + (o)

* Consistent with that from direct mass
decomposition.

22



C. o,y: tensions between lattice results and phenomenological values
(R. Gupta et al. (BMW Col.), PRL127 (2021) 242002, [arXiv: 2105.12095])

* Low-energy theorem establishes a connection 0N

between o,y and a TN scattering amplitude. t — This Work

* Previous partial wave analysis obtained a value . A

oy = 45 MeV. ; ——  ETMIA

* Butrecent phenomenological analysis favorsa 4 o %ﬁ?f&
higher value, e.g. o,y = 64(8)MeV. ; Y BMW 15

* Improved analysis combined with pionic atom y - Ruiz de Elvira 17
data results in a value o,y ~ 59.0(3.5) MeV. ¢ e poferichier 13

« Aglobal analysis of low-energy data leads to : e P

Oy = 58(5) MeV 10 20 30 40 50 60 70 MeV
e Lattice QCD favors a lower value o,y = 40 MeV.
* The tension is attributed to not considering

explicitly the Nm and Nmtrr states contamination.

<,
* Direct calculation of the matrix element g

(N|au + dd|N)
. . . /d‘\\
 Considering Nt states or not in the e

N N N

data analysis gives different results. —
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{4,3"}: Standard analysis without considering
N states

{4N™ 3*1: Similar analysis but considering N

states explicitly

ME of {4"™, 3*} larger than that of {4,3%}

This effect more pronounced for the lighter pion

Can be understood in the framework of chiral

effective theory.

* Joint continuum and chiral extrapolation of oy

OgN = (dz + d%a)m% + d3m%— + d4m;‘§ + d4Lm;4-£- ln—2

* Different results:

oy = 41.9(4.9) MeV ({4,3*)),

00 E14"".3% ¥ 59.5(7.4) [1.65] .1 ]
[4,3"] 2% 41.8(4. 9) (149l A
= 160 [ *'
= 120 e 1
b‘é BG L -
40 | 3
o ~ CCfit{2, 2a, 3,4} |

0 0.03 0.06  0.09 0.12

M. [GeV7]

2
T

N

oy = 59.6(7.4) MeV ({47, 3*))



IV. A recent lattice study on diquarks in baryons
(A. Francis et al., JHEP 05 (2022) 062 [arXiv: 2106.09080])

Diguarks may be useful building blocks for phenomenological descriptions of
hadronic states, e.g., a baryon may be a quark-diquark bound state.

The details of diquarks are omitted here.
(a recent review: M.Yu. Barabanov et al., PPNP116 (2021) 103835 [arXiv: 2008.07630])

“Good” diquark and “bad” diquark made up of u, d quarks
Good diquark: JP = 0%, 3% 3%  egpculTCysdS
bad diquark: JP = 1%, 3% 6% €Ul Cy;d€

 Compact objects or not?
attractive one-glue-exchange interaction

* The effective energy of diquarks in a baryon

e This study addresses these questions in a gauge invariant framework——
diquark in baryons of ([gq’]Q) configurations (Q refers to a static heavy quark)
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Diquark properties from full QCD lattice simulations (arXiv: 2106.09080)

m, approaches physical m.

ud(17) and ud(07™) are much higher
Panel 2: mass differences of bad(17)-
good (0%) ud, ls, ss’ diquarks
Panel 3: mass differences of Q[qq’]
baryon and Qg meson.

Extrapolation to physical m:

(1% - O+)q1q2 =A/[1+ (m;/B)"]
§(Qlgq'lor — Qq) = C [1 + (m/D)"]

Panel 1: mass differences of ud diquarks
§(1* — 0%) tends to saturate when

Allin [GeV]  0E(mE™*) A B
S(1F — 0M)ua 0.198(4) 0.202(4)  1.00(5)
(1T — 0F) 0.145(5) 0.151(7)  3.7(15)
ST — 014y 0.118(2) 0.118(2)
C D
§(Qlud]y+ — Qu)  0.319(1) 0.310(1)  0.814(8)
§(Q[ls]yr —Qs)  0.385(9)  0.379(10)  1.09(6)
5(Q[ls]p+ — Q) 0.450(6) 0.430(6)  2.95(35)

06 F AmyqqlGeV]

W
HB»—

.

05 i =
04l ud, 5(1* - 0%) —m— ]
: 8(1"-0%) —@—
03 F o070 A
02 m, [GeV]]

018 |
0.16
0.14 |-
0.12

R L D e B
0.22 | Amgqq[GeV] (11 -0%), ud ——
. Is —@— |

ss' —h— ]

Lo b b by e i b by 1
S L A B e e b s

L
0.55 }5(Q[qq Jo+ - Q@[GeV]
0.5

ud-u —l

045 5 Isos - E
04 | Is-] —@— ]
r pheno. ud-u ]
0.35 3
031 | m, [GeV] ]
0725 IS B T RS | Lo o b Ly ]
0 0.1 02 03 04 05 0.6 0.7 08

* Horizontal grey line in Panel 3:
phenomenological results of

6(b[ud]0+ = Eu) = 306 MeV
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* In one-gluon-exchange approximation, OVl a0 g (3

and chiral limit 0.35 | AN —o— ]

3 03 _ G;\ z PDG _

5(A—N) ==5(1% - 0%) sk \

(R. Jaffe, Exotica, Phys. Rept. 409 (2005) 1 02 ‘ . [GeV];
[hep-ph/0409065]) 0.15 Dot b P

* Good diquark size tore t tsuk

CHA(y, %y t) = <0F (6, Zt) py (%1, ) pg (o, )OF (6, 0)> /.\
,02 (Tud's' (l)’ F) = C#d(fl,)_éz, tm) W

. Q

pé_(R' 0) = pz(rud,S,Tl'/Z) R = |5C>1| — |32>2| forqb = E

Py (rua, 0) = (g, S, )
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Good diquark is spherical

(ra")/ (%) ~ 1

The size of good diquark

Note that charge radius of nucleon

7o = 0.6 fm

n = 0.831 fm

7 (R, Tya) ~ exp

15
T
I ud
P2 (R»Tud) ~expl — I
1o
REANEE T L B B
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1204 % $ full QCD +—@—]
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I ® ]
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rola]pr— T L L B By L B | .,....,....,:rglfmj
16 F quenched, 75 114
14 E full QCD, y5 — 1
3 quenched, hep-lat/0509113 7 1.2
12 : quenched, hep-lat/0609004 T d10
10 full QCD, 1012.2353 —
gk -4 0.8
6F % . = L] 106
4 F 404
e mRIGeV
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V.

Summary

Lattice QCD calculation can reproduce the mass spectrum of octet and
decuplet baryons (and the mass splitting within an iso-multiplet).
Lattice QCD calculations of ground state charmed baryons comply with
experimental results.

However, for excited baryon states, meson-baryon scatterings should be
taken into account.

There have been many lattice studies on TN scattering relevant to the A
resonance. More works in this direction is underway.

Nucleon o terms are studied extensively in lattice QCD. For oy, the
tension between lattice and phenomenological results should be resolved.
A new lattice study on diquarks in baryons.

Thank you for your attention!
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