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Introduction
 Plan:

— Day 1: Conventional Hadron Spectroscopy
— Day 2: Exotic Hadron Spectroscopy
« Hadron Spectroscopy is a very broad subject. A lot of interesting

aspects of various systems. Hundreds of experimentalists and
theorists involved in it.

* Instead of getting into very specialized topics, try to provide broad
guide to various hadron families today.

| apologize for this talk being perhaps too elementary. | start from
reviewing atomic spectroscopy, historical intro, ...

« | am an experimentalists, who has been active in heavy flavor
experiments (Crystal Ball at DORIS, CLEO at CESR, LHCb). Selection
of topics somewhat biased by my background.
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Hadron?

« Hadron = strongly interacting particle

« The term “hadron” introduced by Lev Borisovich
Okun at 1962 (11t) ICHEP conference in Geneva:

JleB bopucosny
OkKyHb
1929 —2015

“The point is that "strongly interacting particles" is a very clumsy term which does not yield
itself to the formation of an adjective. For this reason, to take but one instance, decays into
strongly interacting particles are called non-leptonic. This definition is not exact because
"non-leptonic" may also signify "photonic”. In this report | shall call strongly interacting
particles "hadrons", and the corresponding decays "hadronic” (the

Greek adpdc signifies "large”, "massive", in contrast to Aemrré¢ which means "small”,
"light"”). | hope that this terminology will prove to be convenient.”

0.5 <140 < 938 MeV 1777 <5279 < 5620 MeV

AoNe) < M sge ) M(®) < M(B) < M(A,)

lepton hadrons

“inﬁf&gge” 'Br?egxg the mass hierarqhy which .qu to this
meson baryon nomenclature still holds within each

“generation”
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t)
Spectroscopy* The Cat's Eye Nebula
(Hubble Space Telescope)

 Spectral Iipes were observed Jisible light
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quantum mechanics
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Hydrogen atom

Z A hz
2 —
_%V —V(T') ll)(?",ﬁ, §0) - El/)(?",ﬁ, (,0)
% ‘0 1 2 3 4 5 8 7 8 9 > E = — mczaz i
' N T [nm] no 2 n?
’ /.,/’ 2 3 {n —f— l)! o ) "
€ A Yt (1,9, 0) = \/ (E) oS L0
f/ r
Reduced mass: ] 2 n=123,.. , ,
/f @ == 2= = 0.0073 1=01.2,..,n—1 L“=Il(l+1)h
_ 1 . | m=-l,—-l4+1,..,.+4l L, =mh
m = ﬁ ~ me . (not to be confused with reduced mass)
— 4 — = Goulomb potential o 2
me my, ! =.—- ap=—>=0.033nm
0 me
(p) generalized Laguerre polynomials have n — [ — 1 zero crossings (“nodes”)

principal vs
radial quantum
number

system (l is not restricted by n’ value).

A0
If it was not due to the energy degeneracy in “principal quantum number” 7, it would make more sense
to define “radial quantum number” n’ = n — [ and use n'lm instead of nim to label eigenstates of the

Energy depends on both radial (n") and orbital momentum ([) excitations. The degeneracy in n'+ [ is

accidental and happens only for 1/r potential.



Balmer series
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Hydrogen Spectroscopy
i E =-13.6eV/n? Each colored square represents
nization threshold 71 = infinit a different quantum state
G Ay e af (m, labels not spelled out)
n=4 IN | nEneesaa | | ] [ [ ] |
n=s | S [ e
Balmer 3s Haﬁd
(visible) ¥
n=2 1 < ] “
nl= 2s ) N g ‘ I’
2s 2p
photon m=0 m=—-1,0,+1
transitions
2
L | l/)nlm (7‘, 19: QD)l

Lyman series
L (ultraviolet)

& ' n=123,..
) ) 1=0,1,23,..,n—
< = ¥ l=s,p,d,f, ..
1s
1s

1
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More Hydrogen Electron Orbitals

| Yrum (7,9 = =, )P

Notice, how radial quantum number n' implies specific
radial structure, while principal quantum number n doesn’t
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Fine-structure of hydrogen

S?2=s(s+1)h?
Particle with a spin has a magnetic dipole moment: i = —%S S, =msh
m . .
Sp = S = % Mp"'—e#e = 0.0005 1, Magpehc effects d.ue to proton spin can be ne.glected
mpy relative to magnetic effects due to electron spin.
. ]“;’_ =L+ SPIN-ORBIT INTERACTIONS
L orbiting electron is like a current loop and sets up magnetic field
B ol
which interacts with magnetic dipole of electron
ELS=_:I’T)€.§ X §e'Z0C]e2
oy —1/2
p r
5 Ejn =-me® |1- |1+ e -
Se ﬂ—j—%+-1."(j+%) —a?
T L mectal [1 +(@ ) 5)] very small effect !
2s 2p «FS g 2 0.000045 eV 2n? ity 4] decreases with excitation level
A a? = 0.00005
PETE e ey
nl nl ;
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Single-electron atoms (\-nucleus)
« H (N=p), deuterium (N=np), He* (N=2p2n), Lic* (N=3p3n),...

« Same energy spectrum up to fine structure, except for small shift due
to the small change in the reduced mass of the system
(H—deuterium), or larger rescaling due to increased charge of
nucleus in ions =

H, photonlines  Reduced mass:

j=3/2 2p

j=1/2

Deuterium Hydrogen m =

656.1 656.2 656.3
A(nm)
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Hyperfine structure of hydrogen =

Due to magnetic dipole moment of proton.
Suppressed relative to fine structure by:

- > - m
] =T.+S, —, = 0.0005 - 2.5 = 0.0015
> - - D
]e“ =L +35 Vp - anomalous magnetic moment
Z of proton since not a point-like particle
j = _)e + §p
Hyperfine structure will be due to: J, - S, « j?
Sp T
Se
Hyperfine structure splits even [ = s states
nl nl ; T
— j=1
1s 1s

HS 0.000006 6V §, : S,

150
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Positronium — (e+e")

=L+S * In the leading order, the same energy spectrum
_3 45, as for hydrogen except for a factor of 2 smaller
(larger) energies (sizes) of states:
n25+1l J Reduced mass: m=-—1—71 & 1~ me%
m, T m,

« Hyperfine and fine structures are of the same order of magnitude:

total spin S =S, + S, is a “good quantum number”
spin-orbit interactions: S - L

- -

spin-spin interactions: Sz - S,
tensor interactions: 3(Ss - #) - (S,-#) — S5 - S,

* New element — even ground state is meta-stable and can annihilate to photons:
— 1(1'sq—>7Yy) =0.125 ns, 1(13s,—>7yyy) =142 ns
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Pauli exclusion principle and periodic table

Periodic table of elements:

“magic
numbers”
T3 1D 1 Lr 13 014 18 IF 7 18 1

l .|_. |E:| 2

* [l Bl lfalb]?]s| 8

17 - HEEHEE

- JH (|49 | QU || 4. || L2 |94 |44 |45 9% || 44 || 34 || A% SUIE | 3 || 20

[ 7| !u"T (|| 74| |2 | 3n| 38 ) 5 ] 7|5 |

B DR R R IR RIS R

[ R - R T e e e P

« [tz B[] [EE e By R T & [ i ]
gtk EA AR A A S b Al

& Wolfgang Pauli 1925
4 |dentical fermions cannot occupy the same
| quantum state within a quantum system

simultaneously.
(this also led to development of spin concept)

Energy

4s 4p

3s 3p

2s 2p

..\I

e b

\
Z
4d Af
e | [ [ | | [ |
EEEEE shell-3
3d
shell-2 8e
x 2 for m5=i%
shell-1  2e




Hadron Spectroscopy I, NNPSS, Boulder CO 2017, Tomasz Skwarnicki

First hadrons discovered
Alpha particles (~ 1900

Alpha
rays from o
radioactive Beta
decays
1Fi Gamma
cIassﬂed JAAN
according to
their penetration
ablllty Paper Aluminiurn
Nuclei (1909-)
o
. . hard
P 9 scattering
o ‘e centers in
ﬁ ‘—ﬁ- atoms
% Y - nucleus
D

1919: proton as nucleus of hydrogen
alpha particles as nucleus of helium
1932: neutrons (highly penetrating radiations but not gamr o - Particle = lﬁ
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Isospin symmetry - 1932
» Rotation in the isospin space is a symmetry of strong interactions.

» Total isospin is conserved in strong interactions. pion predicted
> N by Yukawa in 1934
T|=yIT+D)h L=mh ]

A

Q — electric charge
A — baryon number

identified

in cosmic rays
by Powell in 1946

Y TCO
&

4
M(n%)=135.0 MeV

M(n)=939.5 MeV .
I T

2 I T — 1< [ Mr)=139.6 MV
Any nucleus has a definite isospin.

Isospin (“Isotopic spin”) very useful in nuclear physics.

(N — nucleon)
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p resonance: short-lived particle

« 1961: scattering charged pion beam (E=2 GeV) on stationary proton
target and looking for two pions and a proton (or neutron) coming out:
TP TP TP —>T TN

400 800 | 800 1000 | vs. long-lived
m [(Pvm+Pv ) ]1/2 +_2 6X108 g

FIG. 3. The n-n cross section as deduced from cases C’c part|C|e

- 0 Mev/c. i
with the four-momentum transfer less than 400 Mev/c — 2 5X1 O 8 AV unmeasurab/y small

| Thought to happen: — O T
120
< 7o)
I,=1 |~
o 1001 p _—
E TT——
z p . p(n)
] ime
-2 M,~770 MeV
o L, ~150 MeV
&5
% ° ~ 1 Relativistic Breit-Wigner
i (Mpz—mmz)2+(MpFQ)2 formula for a resonance
k 40
n': 1 | The p resonance is a very short-lived particle:
T - average lifetime
201 T, =h/T' =4.4x102*s
] unmeasurably small
B Vv
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Strange mesons and baryons
Bubble chamber photograph

T,=2.6x1010s
cTt,=7.8cm

i | Lots of particles
Incommg - produced; most of them

|  short-lived resonances
p beam |

|

A% baryon lives “strangely” long.

There are also strangely long-living mesons - kaons
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Quark hypothesis — SU(3) flavor symmetry

“E|ghtf0|d Way” symmetry — Gell-Mann 1961 “hypercharge” Y=S+A (not really a “charge”)
=0 V=S JP = 1o+ Y=S+1 JP=%r  Y=S41 Q

AR

5

(0] A

g .: A~ A() E AJF A 3
n g +1 ' ® [ ="
3 25

- 2 i g Z"+
222 0 I=1
5>5 | [=12
9p)] %% :

S = -1 0 1 120

iz . T — 1 =

S Isospin projection & =T+ 2Y

50/ (“charge index” in multi-charged particles) @

Meson Not known at that time:
tet Baryon (sss) S=-3
octe PPy Y=S+ octet decuplet
q vt (499
(q99) i, A% q99
o d Cu
Quark triplet

including baryonic molecules
i.e. nuclei ((qqq)(qqq)--.)

These are “non-exotic” hadrons
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Experlmental discovery of Q~— 1964

« The discovery convinced some physicists that
Gell-Mann was on the right track

* Quarks initially treated as mathematical
abstraction. Many doubted that they existed
since free quarks are not observed.

“strange” decays understood later as
mediated via “weak” forces as opposed to
“strong” (super short lifetimes) or
electromagnetic forces (longer but still
undetectably short decay paths)

=0 ssu

- t —_—
T

- — U

O~ SSS

« Qisa ground state of three s quarks. Since their spins (1/2) have to add up to 3/2,
they must be lined-up. Three identical fermions in identical quantum state?

« This was later understood as each s quark having a different charge of strong
interactions.
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QCD: SU(3) color symmetry ~pre |

v T decays (N?LO)

Fundamental parts of SU(3),,0, Symmetry: s ﬁlSJ}IQtUV:r'L)l —
— Quark flavor independence of strong interactions o ¢ jets & shapes (res. NNLO)

* e.w. precision fits (\JNLO]
v PP > jets (NLO)
v pp —=> tt (NNLO)

— Rules for making hadrons out of quarks
Near degeneracy of u,d,s quark masses coincidental

« Exact theory of strong interactions: QCD based on SU(3)Color symmetry

= QLD:I,(M ) = 0. llSl:l:[)U[]lB

Conﬁnement % Asymptotlc
freedom
3k T T
p=62 —e—i <
2 = LT
gorr?éﬁ a"’r!
Unfortunately perturbative methods don’t work at large __ ' ]
quark separations (relevant to hadron creation) —need X °]|
numerical methods i.e. Lattice QCD calculation. i 1/
LQCD methods have their own limitations, especially n! : —
. . . . 4 atic otenta
when dealing with highly excited hadrons. 2 f : La?ﬂc‘; aco
4 L L A
_ 0.5 1.0 [fm
Observable hadrons Hadrons spectra are often subject of QCD- r [fm]
are color neutral. motivated phenomenological modeling. Raising potential energy must lead
_ to a quark pair creation, and
Quarks: 3 different color charges confinement of color charge at

Gluons: 8 different color+anticolor charges large distances
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Mesons from quarks & antiquarks in QCD
color octet

SRS

color color qolor
triplet  antitriplet singlet

Sl -

| @,
ao
%
©
©

s~ 88 sl

i
@
@‘13
N

D
€
.

]
_ J6 2
quark antiquark i active color force ] i
q 9 (qg) meson Jf e f
e.g. K+ 5 O V2

Color flux tube
stretched between
quark and antiquark
with attractive
potential

repulsive color force

quarks will pull apart in any
octet configuration

gluons happen to belong
to the color octet
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Light meson excitations? .

9;S n.K “OZI allowed decay”
L D K* g,s ‘/<v q ’ Such fall-apart strong decays happen super fast,
— > _ P = ) - leading to a large mass indeterminacy
q49 ] =L+S 9 ‘\ q I.e. large particle widths
mesons a T [-t~h
L =5 +5. ~Mevr MeV . -
q q 1000 1300 - The higher the excitation, the more
B decay channels open.
R ’ 13s I :
S ] - Such decays effect the properties
1 - p(770) I of bound states in a way which is
r 600 F - 900 - 1331 difficult to deal with theoretically.
> B 7t transitions i *
3, _ /K (892) >
Expect positronium-like energy i T I =
. . B o
(|:e. mass) spectrur.n,.though with 0, _11301 @ s00 11150 fi
different energy splittings | @ ”

2S+1
n l]

» Hyperfine mass splittings among light mesons are huge!

Theoretical models of higher light hadron
excitations tend to be qualitative only.

L : 9 : o : o
— Reflects relativistic nature of light mesons, 7"~1, while positronium is essentially non-relativistic, %~O.



Hadron Spectroscopy I, NNPSS, Boulder CO 2017, Tomasz Skwarnicki 22 b

Initial impact of heavy flavors on hadron spectroscopy:
Dispute over quarks ended in 1974.

- I BIRIL 1 B8O : i*—
5000 AUl AR 0 | 2s2 Events || |
I —_ . .
S | I 1 November revolution o sectroneren
2000 : 3 normal current
E_’ ?.1. Of 1 974 60 F I:I-nlfo%curran!
S 1000 £ o 2 I
- I‘ .II\|I E > 50 J
500 : IJ[ 1' - g
e I s ! pBe
1€ [z LA HSHi gl f —ee X
b | b S %
|OO :_ il \\‘-.‘ w 3gl 2.‘
50 | | el 2ol /
L ! e %
_______ A7 ;
20 | © é 1%s,
| n — : _
cc
State

Nobel Prize, 1976
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Charmonium p-states =

Fine-structure mass splitting Crystal Ball

(LS dominated) ]
. | am switching to use of radial quantum
’ | number to label the hadronic states:
...... 1905 1.0 —Y1°S;
. n'2S+1]
2 J

Ey [MeV] )

 In heavy-heavy mesons, photon spectroscopy of hadronic states is
an important experimental tool
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Initial impact of heavy flavors on hadron spectroscopy:

g,c,bK DB Such fall-apart strong decays happen super fast, leading to a large mass
K*, W, Y s,C, b <q Y indeterminacy i.e. large particle widths (“poorly formed” bound states)
) ’ a, E, 64\ _ -1~h
MeV (q=u or d) ﬁgc' = m.D,B vevk 17 “deeper binding of heavy quarks”
. 25+1] i IS . BB
- 23S, Nn j s — =3P, 3Py, =
ro1g ke(1a10) 1 oP1,2,2 1430 - —=2D, 2D,
-l'-'-d<(_ ) E’IZK*O(VLSO) MeV y” / g 3°S Ko 11F3 13F4,3,2
K(d4a60) 1Py — K;(1400) — q3n 7 ST op. 2P
1300 | | 13D, 710300 Y 2P, Z 210 2
13P, 3800 235, DD ] S ="15 1D >
. K,(1270)= 1575 73p ] - hy, 7 1Dz 1Dszq ¢ @
m— 1 0,1,2 u 3 il
i Predictions of relativized B 1 ,&, g 275, q
| potential model / i Ne ﬁ_ > "_9‘ Y L 13p E’B> < g 8
138, / he Xo |2 [ 1Py IEze TP I =
. known states / I @ X_o s — e
| K*(892) c 0 L @ b Y
L b \—Y—}
[ i E i
i 135 B Such strong decays take 1000 times longer.
118 VIS 9500 135 Narrow widths; well formed bound statgs.
500 | - o 1Sodny . 'Sy T‘
B - T Np
All excitations above the open flavor threshold. Plenty of excitations below the open flavor threshold.
Wide (short-lived) and highly relativistic (light quarks). Narrow (long-lived) and non-relativistic (heavy quarks).

Only qualitative spectroscopy. Quantitative spectroscopy.
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Dominant factor in meson mass spectra: n’, / -
* Near universality of n,/ driven mass
splittings is a reflection of quark- Y Hydrogen atom:
flavor independence of strong | MeV[ 4, N'sy Coulomb potential
interactions, and states probing the =t | N A P i a - T peemswkTTen T
. . . ol — ~._ 2y Z 2Ty~ 1= 0w lm 2@ 30
potential at similar distances for w Vs g™ BB T = 20 2Dy
different meson species e B35 __n ’tg ~~~~~~~~ 17, Fise . .
MeV Mev V02 04 06 08 1 12 ll:A(Iml)lﬁ 10300 __\\\\Y’: 21P 23 “1‘7)‘\ - ~£2 _______ -
N "hi-ToT 1D, 1°Dgu3-
B 2381 3800 | 238 13D1 \|f” b x~"—‘~—2'1 D~ __3_2;1_:>
i — 13P, K*,(1430) —= = 1 ola. _2°S. N’=
_______ _218 _*_(]_410_)__________1_5_2_K_t_ 1430 _DD -_21_ —— _SF_)_ - _______________f__1_'_S_ e I
| [ — 1 O( ) | ’ 1 X0!1’2 \Q\A} Y” 1 §‘13P A
300 1K(1460) I'P; — Ky(1400)  ry > VY 1'Pj2e2 Mp~-=o 1Py g i ___________________
- K,(1270)= I — Xb
R XCO -
- | :‘__ n’t
________ T > T NS ht- TR . . - 11 LIS SO, 2
K*(892) 11S, ) =Y. _- .
3000 [ 20V My « Lack of mass degeneracy in
K [ - N “principal quantum number”,
I n’=n+L, is a reflection of the
1 J
500 | 1'So @ DS+ 1 @ states probing non-Coulombic
- K 9 n Lj @ part of the potential
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Fine and hyperfine structure in meson spectra

i§ 14 R . . Significant since confining potential is effectively of scalar type
Voin =3t rag®’ V™) Spin-orbit (requires non-zero L and S i.e. nP,n3D,...)
361K} (S2-K) = 818 ( e i) yeect  1€NSOr  |nsignificant (requires non-zero L which does not probe small r)
12mg? drRZ R aR
*% g2 Vet Spin-spin  Significant only for states probing Coulomb part, i.e. short distances
(L=0i.e. nS)
Hyperfine structure Fine structure
VNR — Vuect s Vacal
1/r r Spin-orbit  Tensor S =1
usual phenomenology S — J=L+1
consistent with data S=0 Spin-spin n,L
and with LQCD J=L ———— cog \
Spin-dependent mass splitting reflect magnetic S-S, A J=L

interactions — they are relativistic effects.

Atoms are highly non-relativistic; tiny effects in QED. I
mass splittings
Can be very large for light-quark mesons. \4— J=L-1

Decrease in importance with quark mass ~1/m L-S S, -r S, r—38,-5,
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Hyperfine and fine structure in meson spectra

n 25+ 1l_
Hyperfine large only for nS states / No splitting
MeV [ 4¥S of S=0 and S=1 states
Decreases with n (quarks less likely to — 1 TalR TP . forL>0
probe r=0) 5 e 3% X"
0
MeV MeV 0300 Y 2By ZRgo T
I 2°S, 3800 3G, 18D, v hy T 102 Dse:
i ,(1430) —= = -
215 :(1410) 1 "P1a F1430) DD [21Sm—"9 1Py o's, 28,
LI 11P — K (1400) - y ’ 11P &_’ _____ ’ Y’ 11P 13_P&10 _______ flnj‘, splitting:
1300 [1(1460) 13p Mo Ve 1o — =% L5
— [ h 1 h, . -
: K,(1270) === I c Xt & b A T
i I XCO B 1 2 1 2
- ; : ; i 5 Relativistic nature of
________ SRR = 7 A i " i's, — 4| hyperfine and fine
K*(892) Hyperfine s000 | 'Sodiy i e L splittings is apparent
Kr [ p—.—g- - Te ~I/mQ2
ool 1S | 0
| K (s) 0O
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Heavy-Light Mesons (Qg): D, D, B, B,
« Naively expect light-quark spin effects to dominate over heavy-quark spin effects

In the limit of %—)0 — Hydrogen-like fine, and hyper-fine structures
¢ — Heavy Quark Symmetry: no difference between D and B systems

(like symmetry between single-electron atoms!)
— Transitions do not change heavy quark spin

Q

Q7 17
mesons N 4
L

 In practice, —~0 2 (—~0 07), not as small as in

hydrogen, —yp = 0. 0015
— Hyperfine spllttmg of s-states is still sizable

— Heavy-Quark Effective Theory (HQET): use 7’:—2 = 0 as the

lowest order, then implement corrections
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Status of D meson spectroscopy

S. Godfrey, K. Moats PR D93, 034035 (2016)

Relativized potential Quark Model (revamp of Godfrey-lsgur 1985).

@ (No 4-quark operators included.)

(Includes predictions for decay widths).

D* (5% 8, )(3.837) S
B T
| —_— Pz}f?IS‘JT) D} (3D4)(3.600)
! D3 ) 5 DG i 0
35 D* (4° $,)(3.497) RS aPIGE Dy (3 Ds}['ﬂﬁm} Dy [21 F,)(3.490) mm |
D4 S,)(3.468) D (3P{)(3.360) D, (3D, )(3.566) D; (2" F,(3.466)
s . oF
_ TR e BeREe |
> D, (3p.) (330 S==Dr (2 D@23 D} (1F})(3.143)
L '_D @ S0 %000 (3.32 Dy (2° D,)(3.226) D; (1P Ry)B.1)
-.LZ - D(3" 5,)(3.068) i D] ["P )(2.961) D, (2D,)(3.212) D (1% Fy(3.113) ) ==
3.0F :D [rﬂp}af;ﬁ) D! (D2 (2,845 Dy(1F7)(3.108) g LeO0 -
& [ (2° Fy)(2.981) Dy ( (1° 212[“;;3?? E
© D (2P, )(2.924) =" s)[;‘“) -
= [p/@600)? D, (600 ot (&80 &N
E==0 (2’ Su(26w) D,*(2680)° e ™ =
D(2 5,)(2581) Dy (1 Py)(2.50%) 3
2.5 _D (1P} y(2.467) D,"(2460) 1000 -
- D,(2430) L (1P,){2.456) D,(2420)
D, (2400) D.u' (1 Py )(2.399) |
- *
S . SR T
“ 113 @ V(9 0
5 OEF==0 (50200 o e DE =====-= e — -
iD[lL 5,)(1.877) ——
S P D F
« 1S,1P and half of 1D states have been detected 0-

many decay channels open)

detected

Not clear how many of heavier predicted states will ever by

Detecting higher excitations is hard (broad, small production rates, .

e

Hadron Spectrum Collaboration (LQCD m_=240 MeV)
JHEP 1612, 089 (2016) (update of the 2012 results)

hybrids ]
= —
= =
I — 1D, (3000) i
g = —D, (2760)*:
—— D,*(2680)°
== D;"(2600) ? J —N D,"(2460) §
D 1(2430) |-=- D (2420) ;
D, (24
__________ Sl el D |
D¥ = o o o o o | - - o - e - - - — -Qﬁ-
D
1~ 2 3 4~ ot 1T ot 3T 4t ]

Like for other spectroscopies of short-lived states,
theoretical predictions, either phenomenological models
or lattice QCD (no couplings to decay channels are
simulated above), are qualitative in nature



Hadron Spectroscopy I, NNPSS, Boulder CO 2017, Tomasz Skwarnicki 30 b

Status of D, meson spectroscopy

S. Godfrey, K. Moats PR D93, 034035 (2016) Hadron Spectrum Collaboration (LQCD m_ =240 MeV)
?—(Ss:l))[gg%ﬁ) D36 P)GTE) JHEP 1612, 089 (2016)
| e o DLEP)(37T8) DL(3D})(3.672)
i Dy (aP)(3.764) D5(3 Dy)(3.661)
D5 (4" Fy)(3.764 ) m— ) - DL, (2F})(3.569
: D (4° 8, )(3.575) AT D (3 DOBES) 2[(2 )2()“ “5)2) hYbndS
35E D, (4! 8,)(3.547) D (3 1y)(3.439) D430, )(3.650) D (2% F,(3.544) 2000+ 0 I i
D (357)(3.433) DL(2D} )(3.323) D 4(26,)(3.540) E] |:| i
—~ T D, (3P,)(3.416) T T (|
> | D33 by (3. a12) w75, T Dy(1F)(3.218) T = ===
g | D (3°5,)(3.103) ﬁLfDDLZ[Zf;S)—D (1? fz)ﬂ 208) [ L
= D, (3" 5, )(3.154) D5(2* P,)(3.048) 2(202)(3.298) D (1% Fy(3.190) 9 = E ==
n s 171 (27 )(3.038) DL(1D4)(2.926) D4(1F)(3.186) m
o 3.0 T D,(2P)(3.018) pomy = 15007 = ’ l
e [ a(2by —_— D5(1% D) (2.017) - = ,
s  [D,(2700) Da@ Ry *”“’)Ebz(wz) 2.900) D;"(2860) ~ D,,"(2860) E= —D,,"(2860)]
- 8275 1" (2860) D;(1* D,)(2.59) N . T
S (25 ~ EEE =D ,%(2700)
D, (2" S, )(2.673) DAY By)(2.592) (2573 o N
Lol _ Du@si6 =R oresy D2 (37 D*K < [ 0,253 o _=—D,(2573 D £<
= Dsl(2460)ﬁ91([1fd(ii45)_) ————————— i R e i "D, (2460)
e e o e e o DoV P U248 | L o e e o o o | VK e | __________________ I e nand
I D (2317) DK - | EDS()*(2317) DK
[ D The effect of D*K, DK thresholds? ~ 1
D" (1" 5,)(2.120) —_— D *
D Molecular components = s
Z.DIH-DH (1" §,)(1.979) in D;,(2460), D,,"(2317) ? BIL1] — D, 1 i
S P D F
* No experimental progress in the last 2 years
. - - - 9= Tt + + + +
- Status similar to that of D mesons L0 1 2 3 4 L0 1 2 3 4]

« Masses of D,"(2317) and one of D,(2460) states are
shifted relative the expectations to below the DK,D*K @ = ? * Spectroscopy of B mesons even less
thresholds. Molecular components? experimentally developed
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Baryons directly from 3 quarks
color
singlet

color color color
triplet triplet triplet

q q q

: Color flux tube

in QCD gluons can attractive color force  stretched between
couple to each other (qqq) baryon three quarks

6 0
d)




S
Q
B

<
Q
S

Hadron Spectroscopy |, NNPSS, Boulder CO 2017, Tomasz Skwarnicki 32 >

Generic model of baryon excitations

999 =435

A

b

 In principle two radial quantum numbers 7,7
and two orbital angular /,/’momenta — huge
number of excitations

« Additional symmetrization requirements
from SU(3);..r If quarks are light

« Three quark spins to couple to two angular
momenta — very complicated (hyper)fine
structure
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1200
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Example: A excitations

] LW

Well-established A*s

A* mass predictions by Loring-
Metsch-Petry EPJ, A10, 447 (2001)

11

+
2

- = —

% :_ —=— data
m2000:— —e— total fit
= = LHCDb — background
®1800F
e
o 1600 & --=-- A(1405)
= H --i=3-- A(1520)
1400; ¥ A(1600)
1200F A(1670)
- ---x-- A(1690)
1000 - --3k-- A(1800)
= A
800E- e Al
600 E
400=* (
200F (

Short-lived states (broad).
Mostly qualitative spectroscopy.

Mass of A(1405) significantly shifted relative
the expectations to below the KN threshold.
Molecular components?

Phenomenological models often restrict some degrees of freedom which has some motivation in QCD.
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(Colored) diquarks in QCD

(antisymmetric) color
color sextet
antitriplet (Sym metFIC)

color color
triplet  triplet

quark quark

q q
repulsive color force
quarks will pull apart in any
attractive color force sextet configuration
(half as strong as in the meson)
Color flux tube (qq) diquark

stretched between
the quarks and » Not a particle, just a
extending to other - building block in
color partners QCD
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Baryons from quarks and diquarks
color
singlet

color

color antitriplet
triplet

Relative importance of
this internal baryon
(.D structure vs more
***  democratic quark
configuration is a
question mark

Color flux tube

attractive color force  stretched between
the diquark and the

(q(gq)) baryon third quark

quark

attractive color force

(qq) diquark
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Heavy-light-light baryons

17 =70a + S, * Qqq baryons are a perfect place to study light diquark
0qq Joa = L + S, structures as the heavy quark spin decouples from light
baryon |- 1 quark spins
L

¢+ QCD motivated diquarks need to be in the ground
state, n,,=1, L,,=0 ,which eliminates a large number of
possible excitations:

— States can be labeled with n,L of the diquark orbiting around
the heavy quark, which will be a dominant effect in mass

— The main mass level hierarchy like among mesons!

In usual diaquark model:  Syq=0,7 * Diaquark spin §,, can be 0 or 1 (scalar and axial vector

Ngq =1 zqq=0 Scalar and axial-vector diquarkS):

diquarks — Since quarks are light (relativistic), and the diquark is in L,,=0
state, their hyperfine mass splitting s, - S,, can be large.

- Also important is fine structure from L -§‘qq couplings

+ Small hyperfine structure from j,, - S,



Hadron Spectroscopy |, NNPSS, Boulder CO 2017, Tomasz Skwarnicki 37 >

Heavy-light baryons: excitations of Q_°
LHCb-PAPER-2017-002, CERN-EP-2017-037, arXiv:1703.04639.

 Only two ground states (1S) have been known before: '/,* 2.9,3/,+ 2(2770)°

Q70— EC+K (Strong decay)

I~~~ , | I I I I | I I I ‘ I |
: > - | Significance of
— 80000222100 suppressed o weak decay) 2 4001 2.(3050)] | 23066 _ each of the narrow
i i - LHCDb -1 resonances
= = i | >100
— I — L2 (3000 i
= 60000 2 300/ (3000) 10(3090) B
U; B += - | J i
g - 5 | h 23109 ]
= 40000 2 {1 VIV ()
g I 8 2 OO j l:ﬂ;‘: II ‘ l! " ‘ - H:I ! LIMl‘“:\lﬂﬂ‘”E-- y ;\HI + ||
u ~ % . "l.' 4 i i " ||I ‘I i I[" I\i“‘ ‘ c
- i ;-2‘ E iy H +
20000 i 3 % 5 ~60+19 MeV 3
- 100 T :
, ka ~1 70/ ° , , I'=3.5+0.4 MeV ; |
’7440 2460 2480 2500 0
m(pK %) [MeV] 3000 3100 3200 3300

m(Z.K") [MeV]

5 narrow, new states in single mass spectrum!
Excellent place to test baryon models (long-lived states).
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Interpretation of 2. excitations observed by LHCb

3500
3400
3300
3200
3100
3000
2900
2800
2700

2600

-Z. Shah et al., Ch.Phys,

Ebert,Faustov,Galkin,

Ebert,Faustov,Galkin,

Roberts,Pervin,

222227272

N

22227272722

2222722272

[C40,123102(2016) _PRD84,014025(2011 )-| PLB659, 612 (2008). |Int.J.Mod.Phys. A23,
-arXiv:1609.08 -— 2817 (2008).

— - - = - I

B c

- 1D

B R e R i i R i BETTETORTRETT
Bl o
[ - =D
-__ ..... Ly S 2 .S .......... L
: — f— [ | — — —

:'"'= """""" 1 'P """"""""""""""""""" Ballally~ = = === msmsmss==== : """"""""""""""
f___:_______ ____________________ r:_-l-__—
- EXK
- 1S -

[ I | | | I I I | | I I | I
171%373%*575%77 7" 171*373*575*7 7t 171*373*575t7 7t 171"373*57 5777 7*

22227227272

e

Exact predictions for (hyper)fine
splittings are model dependent.

The states newly
observed by LHCb are

Q(3188) ?? likely 1P and 2S

gcgé%)) * None of the models

&(3066) prgd[cted the mass

2(3050) splitting exactly

£,(3000) «  Determining their JPs is
important for constraining
the models (will be
done).

02(2770)

0
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Why the observed Q_**° states are narrow?

. They are below the « They decay to =K~ ,which requires
threshold for the preferred ripping apart the diquark — less likely
fall-apart mode =D process, longer lifetime, smaller width.

Except for the possible 6™ one,  Their narrowness is the nice evidence for
n 2(3188), which s broad! QCD-motivated diquarks!
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A * excitations

A S
I M*p

. b4
L
F: ok #F
| ; A
+ *
# +
—> gk
‘S + A
+ LAt b
- e %Y +
3 . 3
Ly 4 S I
-3k + ¢ 12
A + > +
A LT R L Tt
dal . P TS, T
3
i +1+ *
#

300

250

N IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

200}
150F

100[

w
(=]
T T

A,(2860)+ M(D°p) [GeV]

) [GeV?]

p— —
ju I
|||||||||||||||||||||||||||$

o 0D

= kI

I 10 20 I 30
M*(Dp) [GeV?]

- —

* Recent LHCb amplitude
analysis of A,"— D%~

LHCb-PAPER-2016-61
arXiv:1701.07873

| " A(2940)

m New resonance: A.(2860)", JF = 3/2%

First observations @

M(A-(2860)") = 2856.177% £ 0.5(syst) T1 ¢ (model) MeV c
[(Ac(2860)") = 67.6755" + 1.4(syst) >, ,(model) MeV

m A(2940)": preferred JF =3/27

Known before,
JP determined for the first time

8 285 2.9 2.95 3
M (D) [GeV]

M(A(2940)") = 2944.815% 4 0.4(syst) Tt (model) MeV

[(A(2940)7) = 27.77%% + 0.9(syst)

=2 (model) MeV
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Interpretation of A, and of = excitations

Z. Shah et al., Ch.Phys. Ebert,Faustov,Galkin, éﬁ%hfzhg?togl” Ch.Phys. Ebert,Faustov,Galkin,
, (2016) PLB659, 612 (2008).
gr‘;(?\,/fg(;g%(fizom)Ebert Faustov GalkinPLBSSQ’ o (ZOOS)I'?oberts Pervin arxiv:1609.08 Bbert,Faustov,Galkin, Roberts,Pervin,
PRD84,01402‘5(201 1')' Int.J.Moa.Physj A23, 2817 (2008). 1300 PRD84,014025(2011). Int.J.Mod.Phys. A23, 2817 (2008).
l;! 3100 — l; = = ——
b ] :- 2P - * = = : 2P
=, 3000 _ B pD Z, 3200 - -

SN N AR AU P g A(2940) ~ - = [~==- _
TG { o ok = = .(3080)
Saool CAD| L T L |A2880) Wm0k = ADmf S E— ~c
S f et | o= e e e £(3055)

ool L ST | A2s60) T f2Se T _ - - |

- 2S | - - R ! ) R £(2970)
2?00:. 2900 _: - 1 P - - _

C . p| o L. A(2625) B % - |- Z(2815)
2600p= - - - A(2595) : = - =(2790)

| B . - - - - - ~

| | = (00

2400[- 2600 - - = Z(2645)

- C C 1 S (o]

2noka. 1S |.o - A, 2300 - - - =

N - B c

- N | | |

2200 L I T TR 24{“?1-1+;-3+;‘5+;-7+1’1*3’335’537’7*1’1:3’3*5’5l7’7*1’113’315’5*7’71

“1*373%*57 5777171737 3%575Y 777t 171¥37 35 5 777" 17173735757 77 7+

-

Molecular pD* component in A (2940) ?
Ortega,Entem,Fernandez, PL B718, 1381 (2013) 1381.
J. Zhang, PRD89, 096006 (2014).
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LHCb JHEP 1605 161 (2016) Beauty baryons

§j§g§: ++ LHCb_ E0— pK-K-rt * Recent measurement: precision determination of =, - =,
o B0 + 3 (Cabibbo favored mass difference by LHCDb (=, first observed by CMS in
g 250F t 4 c—s weak decay) 201 2)
‘5 200F 3 g :
& 150F b 3 m(=3%) — m(=, ) —m(r") = 15.727 £ 0.068 (stat) = 0.023 (syst) MeV/c?,
100 ’
L SR “WWW (=% = 0.90+0.16 (stat) & 0.08 (syst) MeV.
0= 2400I - I2450I — I"‘SUO - "‘i‘iO )
e e e
> :22: hf\ LHCb:; Zp e T . e00 Eﬁeétéiiisigéﬁiékﬂ}. fﬁ?ﬁ?ﬁiiﬁrﬁy’l A23, 2817 (2008).
= b t ] (CkMfavored =
Eiog: f + 3 bocweak decay) = 6600f- - ..
H = F 2P ..
S e0f | E Ix) = ~ - - ‘
40, 4 fo 3 = s
wgit#ﬁ*ﬂ‘:::* k:” —SIOO ++t‘M‘J';;;‘&’.’M;;00 E 6400‘5_ 1 D- = %
’ T E) MeVie] 6300 - 2S5 | T - b
O - gt 3 - Mz -
3 LHCb 3 =p 7 =p T 0200¢ 1P -
= 30 3 - - -
2 _;(Strong decay) 6100 B = -
2 000F - » 5, * - « Much fewer excitations
= N - - S
- so00f- 1S known than for charm
NI ML o b ssoof=? - - - « Similar situation for
0 10 20 30 40 R E
dm [MSV/C] 5?0[}_ ] 1 1 7|7 1 ] ] 7|7 1 1 1 7|7 ] Ab,Zb
Meand (S5 TF) = Meand (Z5) — m(7™) A S AR AR R
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Heavy-baryons and lattice QCD
From Stefan Meinel @ Baryons 2016

— Experiment (as of 2014)

¢ Lattice QCD (Brown et al., 2014)

PRD90,094507 (2014)

Qubp
- Qepp “cbb
= ]
= u
= Qcch:)Gb
. Qcor.‘
— beQ’-’b
bb
] [ ]
[ ]
[ ]
s g 88"
s ¥ —cb—rch;bQCerCDQCb
= Qge &

Results are extrapolated to the continuum limit and physical mx
Error bars include all relevant systematic uncertainties

Candidates per 5 MeV/c?
®)
]

40

e

| ¢ Masses of ground states simulated on lattice
agree well with the experimental results

Preliminary simulations of excited states have
been shown at conferences, but not published

Result wh|ch IS onIy 1 week old!

180F
160
140
E oo Signal
100f
80F
60f

20F

LHCb 13 TeV

~+ Data
— Total

---Background

aan 1707 0162 l—

1 1 1
3700

Md(Ee) [MeV/e?]
=++ +
oo ALKt

First convincing observation of doubly-heavy baryon!
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Heavy-heavy-light baryons

QQq .
baryon J =Jao *Jq

Light and heavy quark spins decoupled

Place to study heavy diquarks.

— QQ will have its own quarkonium-like excitation spectrum (n,,,,
LoopSo0)s With radial excitation energies diminished by half.

Light quark will behave like in heavy-light meson, with
Q replaced by QQ

— It will have its own n, Lq,Sq structure

S
Il
th
+
fou

Jog = Lgg +Sqq

Finally, heavy /,, and light , total spins will couple
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Examﬁ)le of model predictions for Z_.. spectroscopy

nooLoongly (warning: principal n used here) .
! Seo=1  Sa=3
352p
3Py L4 o
1.5 2P2s al g { e+
e _ 302p \ = CC \=cc )
2 '\r‘_}l” o e
- 152 2P2p
Anq=1 351 3/t A, D threshold
1 —+:”J_|' : 152p Ia::i: — E}’Ei
o mmm o T =500 a7, i
Al =15, 2t 1/2- e a5

G, S N ... : 1/2- 1724
___________________ —_— —:';jT L should be
AnQQ= IALQQ=1 relatively narrow se
v
E 5 ANNN—2 S (0,
diquark ‘*"' ¢
excitations cut

in half

fQQ - Jq couplings

3.0
« No excitations have been detected yet to verify this picture. Many should be
detectable in LHCD.
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_ Conclusions _ .
Conventional hadron spectroscopy can be understood via analogies to

atomic spectroscopy.

Hierarchy and magnitude of spin dependent splittings can be very
different.

Studies of hadrons with heavy quarks offer hadron families where
quantitative spectroscopy is easier:

— Heavy quark masses are so well separated from other quark masses, that no
mixing of states with different quark content

— Many long-lived excitations thanks to “deeper binding”
— Less-relativistic systems, intuitive potential model approaches work well

Baryons with different number of heavy quarks offer an insight into
diquark substructures suggested by QCD:

— So far the data are consistent with diquark picture. More stringent tests with
more excitations, hopefully to be detected soon.
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