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Mysteries of the
strong interactions
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THE STANDARD MODEL

quarks make up
the matter
surrounding us

gluons mediate
the forces
between quarks
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CONVENTIONAL HADRONS 5

e hundreds of hadrons (“the particle zoo”) can be described
as gq and qqq states

Conv. Meson Conv. Baryon

‘ highly successful picture — but why should it work? I
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MULTI-FACES of QCD: EXOTIC HADRONS 6

Glueball Hybrid Tetraquark

"4

'Hadronic molecule Pentaquark

o ¥

States with glue: QCD

Multi-Quark states: Gell-Mann,
Phys.Lett. 8 (1964) 214

the experimental and theoretical study of
such states is a key to understand QCD
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STILL MORE STRUCTURE: ATOMIC NUCLEI 7

Nuclear Landscape

stable nuclei

— . terra incognita

neutron stars

exploring the residual color force

v

Deuteron: p-n molecule — ab initio calculations possible
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MYSTERIES in the QUARKONIUM SPECTRUM :
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e many of these close to two-particle thresholds — hadronic molecules

e some are charged — these must be exotic
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MORE MYSTERIES: CHARM-STRANGE MESONS

e observed 2003 by BaBar & CLEOQ, isospin-violating strong decays

e mass much lower than in quark models, just below the K D /K D* threshold

0 -BaBar (2003)
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= talk by F.-K. Guo
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Salient features of QCD
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QCD LAGRANGIAN "
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e running of a; = i— = Aqcp =210 £ 14MeV (Ny=5,MS,p = 2GeV)
7T

e light (u,d,s) and heavy (c,b,t) quark flavors:

‘ Miight <K AQch I ‘ Mheavy > AQcD I

My, = 2.270°% MeV me = 1.28 + 0.03 GeV
mg = 4.770% MeV my = 4.1870°0% GeV
ms = 9615 MeV my = 173.1 + 0.6 GeV
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LIMITS of QCD

e light quarks: Lqcp = G tPqr + GrilPgr + O(mys/Aqcp)

— L and R quarks decouple = chiral symmetry
— spontaneous chiral symmetry breaking = pseudo-Goldstone bosons

— pertinent EFT = chiral perturbation theory (CHPT)
® heavy quarks: ACQCD = Qf w - D Qf —+ (’)(AQCD/mf)

— independent of quark spin and flavor
= SU(2) spin and SU(2) flavor symmetries (HQSS and HQFS)

— pertinent EFT = heavy quark effective field theory (HQEFT)

e heavy-light systems:
— heavy quarks act as matter fields coupled to light pions
— combine CHPT and HQEFT
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Theory of hadronic
molecules
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What are HADRONIC MOLECULES ?

e Bound states of two hadrons in an S-wave very close a 2-particle threshold
or between two close-by thresholds = particular decay patterns

e weak binding entails a large spatial extension

e the classical example:
. Proton

x the deuteron

mp + m, = 938.27 4 939.57 MeV,

\"'.‘.Neutron
Mg = Myp + My — e — € = 2.22MeV "

rq = 2.14fm [r, = 0.85fm] Deuteron: p-n molecule

e other examples: A(1405), fo(980), X (3872), ...

‘ = how to distinguish these from compact multi-quark states ? I
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COMPOSITENESS CRITERION i

Weinberg (1965), Morgan (1991), Tornquist (1995), Baru et al. (2003), ...

e Wave fct. of a bound state with a compact & a two-hadron component in S-wave:

VZ |%o) compact comp. w/ probability v/'Z
|P) = (X(E)|h1hz>> two-hadron comp. w/ relative w.f. X(E)

e consider the scattering amplitude and compare with the ERE:

o (o) 2y (o

a = scattering length, v/ Ep = binding momentum/energy (shallow b.s.)

Y = +V2ukbp

p = reduced mass of the two-particle system, 3 = range of forces

= pure molecule (Z = 0): maximal scattering length a = —1/~
natural effective range »r = O(1/3)

=> compact state (Z = 1): the scattering lengthisa = —O(1/3)
effective range diverges, r — —oo
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The DEUTERON °

Weinberg (1965)

e The deuteron: shallow neutron-proton bound state (Egp < my):

Ep = 2.22MeV — v = 45.7MeV = 0.23fm~1

e range of forces set by the one-pion-exchange:
1/8~1/M, ~ 1.4fm

e set Z = 0 in the Weinberg formula:

amol = — (4.3 + 1.4) fm

e this is consistent with the data:

a=—5.419(7)fm, r = 1.764(8) fm

One begins to suspect that Nature is doing her best to
keep us from learning whether the “elementary” particles
deserve that title. (Weinberg, 1965)
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EXTENSION to RESONANCES i

Baru et al. (2003), Braaten, Lu (2007), Aceti, Oset (2012), Guo, Oller (2016), . ..

e Still assume closeness to a two-particle threshold:
g*/2
E — E. + (9%/2)(ik + ) + il'o/2
with E = k?/(2u), T'o accounts for the inelasticities of other channels

T(E) =

e leads to very different line shapes for compact and molecular states:

do . . do e
—— | compac | —_—
dM p | dM molecular

M =mj3 +ma + E

M M
k2 term dominates — symmetric g? term dominates — asymmetric/cusp

e extension to instable particles/additional poles have also been worked out
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SUITABLE NREFTs 1

e Most exotic candidates found through decays

— triangle diagram: anomalous triangle singularity

— already studied by Landau, Nambu and other in the 1950ties

e NREFT;: all intermediate particles close to their mass shell

— expand in powers of the average velocity and external (small) momenta

— applied systematically to a number of charmonium transitions 4/

Guo, Hanhart, UGM, Zhao (2009,2010,2011), Guo, UGM (2012), . ...

e NREFT: one intermediate particle further off its mass shell

— integrate out this particle, then proceed as before

— was originally invented as XEFT for the study of the X(3872)

— XEFT resembles much the pionless EFT of nuclear physics

— systematic studies of processes involving the X(3872) and Z, states
Fleming et al. (2007), Braaten, Hammer, Mehen (2010), Mehen, Powell (2011), ...
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Candidates for
hadronic molecules
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SOME CANDIDATES

e Prominent examples in the light quark sector:

£0(980), ao(980), the two A(1405), ...

e Prominent examples in the cc spectrum:

X (3872), Z.(3900), Y (4260), Y (4660), . ..

e Prominent examples of heavy-light mesons:
D*,(2317), D41(2460), D*, (2860), ...

e Prominent examples in the bb spectrum:
Z,(10610), Z,(10650)

e and some examples of heavy baryons:

A.(2595), A.(2940), P.(4380), P.(4550), ...

Details in: Guo, Hanhart, UGM, Wang, Zhao, Zou, Rev. Mod. Phys. 90 (2018) 015004

4.6

>
a~

Observed exotic candidates [GeV |
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Phenomenology of
hadronic molecules
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GENERAL REMARKS 2

e Consider an hadronic molecule with w.f. ¥, made of two hadrons h, h»,
located close to the threshold Ein, = m(h1) + m(hs2)

= long-distance scale v = v2uEp < 8 [1/3 = range of forces]
e Two classes of decay and production processes:

e long-distance processes, in which the momenta of all particles
in the c.m. frame of h1h, are of O(~)

e short-distance processes, which involve particles with a
momentum > 3 in the c.m. frame of h,ho

= only the former class of processes is entirely sensitive to the molecular component
e.g. enhanced production through the triangle singularity

= for the second class, one requires knowledge about short-disctance physics
and thus can often only make estimates (discuss two pitfalls often encountered)
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X(3872) PRODUCTION in e*e— COLLISIONS .

Guo, Hanhart, UGM, Wang, Zhao, Phys. Lett. B 725 (2013) 127

e Prediction of a long-distance process:
If the X(3872) is a D D* molecule and

. — 290 - o O) v
the Y(4260) is a DD, molecule, W v DN
there will be a strong radiative transition Z.390) D X(as7)

(b)

Y (4260) — X (3872)~ in ete~ collisions -
e Data from BESIII PRL 112 (2014) 092001

sl PR R L REE R 0'63 —+ dat
I t?attal fit _ g 0-5; xprses

“% 10; --- Background N ‘—5‘2- 0.4§— : Linizer P

> | _ T oas

2 | : g
oiﬂ}ui i l}r LHl } H ® -0: e . A r—

" i P I
3.8 3.85 3.9 3.95 4 4.1 4.2 4.3 4.4 4.5

Mt ) (GeV/c?) E. (GeV)
* Clear evidence of the X(3872) * Data hint that it proceeds through

a Y state — more data needed
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HADROPRODUCTION of the X(3872)

24

Guo, UGM, Wang, Yang, Eur. Phys. J. C 74 (2014) 3063

e Nice example of a process involving short-distance physics

— still, factorization is at work, best seen using EFT

Artoisenet, Braaten, Phys. Rev. D 81 (2010) 114018

— consider production at the Tevatron and at LHC

/ 2
o[X] = , 1 92|G|2<da'[HH (k)]) 471'2/,:,
MM g/ dk MC k
M \/5’7 7T 2 2/A2

e typical results (using PYTHIA or HERWIG):

o(pp/p — X (3872))

A =0.5—-1.0GeV

Exp.

Tevatron
LHC7

5-29 [nb]
4 - 55 [nD]

37 - 115 [nb]
13 - 39 [nb]

= not very precise, but perfectly consistent with the data!
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MISCONCEPTIONS on HADROPRODUCTION 2

Albaladejo, Guo, Hanhart, UGM, Nieves, Nogga, Yang, Chin.Phys. C 41 (2017) 121001

e |t is often claimed that molecules due to their large spatial extent can not
be produced in high-energy collisions, say at the LHC — this is wrong!
Bignamini, Grinstein, Piccinini, Polosa, Sabelli, Phys. Rev. Lett. 103 (2009) 162001

o(pp — X) ~ |[ d®k(X|D°D*°(k))(D°D*° (k) |pp)|”
~ | [ d3k(X|D°D*°(k))(D°D*° (k)|pp)|*
< = d®k [®(k)|? [ d3k |(D°D*°(k)|pp)|”
< [r d3k [(D°D*° (k) |pp)|”

e The result depends crucially on the value of R which specifies the region
where the bound state wave function “¥ (k) is significantly different from zero”

e assumption by Bignamini et al: R ~ 35 MeV of the order of ~
— o(pp — X ) ~ 0.07 nb way smaller than experiment
— the X(3872) can not be a molecule

— so what goes wrong?
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MISCONCEPTIONS on HADROPRODUCTION 2

Albaladejo, Guo, Hanhart, UGM, Nieves, Nogga, Yang, Chin.Phys. C 41 (2017) 121001

e Consider the relevant integral for the deuteron: ¥, (R) = [, d®k ¥ (k)

e the binding momentum is v ~ 45 MeV, use that for the support R.:

1.0

0.8
0.6

=~
S~
~

0.4 ~~
\ﬁ
. —
-

W(R) [arb. units]

0.2+

0.0 ; . : .
0 200 400 600 800 1000

R [MeV]

— the integral is by far not saturated for R = «, need R ~ 2M, ~ 300 MeV

e Similar misconception: Molecules can not be produced at large pr

— true for nuclei but not quarkonia and alike (g versus q)
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A short tale of the
two A (1405) states
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The FIRST EXOTIC — the STORY of the TWO A(1405) =

e Quark model: uds excitation with J¥ = 1, wo
a few hundred MeV above the A(1116) °
m = 1405.11712 MeV, I' = 50.5 + 2.0 MeV [PDG 2015] A0
e Prediction as early as 1959 by Dalitz and Tuan: EOZon-ZE . Kp‘§
Resonance between the coupled 73 and KN channels
Dalitz, Tuan, Phys. Rev. Lett. 2 (1959) 425; J.K. Kim, PRL 14 (1965) 29 A———
vents ™
e Clearly seenin K—p — X3x reactions at 4.2 GeV at CERN
Hemingway, Nucl.Phys. B 253 (1985) 742 ﬁﬁmmﬂ i

e An enigma: Too low in mass for the quark model,
but well described in unitarized chiral perturbation theory: ¢ B — ¢B

¢\ 4 \ Vi \ /7
’
AN , \ \
AN ’ ’
< — ‘A !

Kaiser, Siegel, Weise, Ramos, Oset, Oller, UGM, ...
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THE TWO-POLE SCENARIO 2

e Detailed analysis found two poles in the complex energy plane
Oller, UGM, Phys. Lett. B 500 (2001) 263

=10/ - 1580 \
(=1

e Group theory:
8®8=\1@83@8%@10@ﬁ@27 /250—

binding at LO
200
3
e Follow the pole movement from the 2, 150- > s "
B (=
SU(3) limit to the physical masses: LS [— _
Jido, Oller, Oset, Ramos, UGM, O LU Y N e
Nucl. Phys. A 725 (2003) 181 , ' . = 2
o ] ] 13|00 14IOOFOI5 f 15|00\ 16|00 17|00
e Verified by various groups world-wide K [Singet octef]  Rez, [Me\/y

e However: scattering and kaonic atom data
alone do not lead to a unique solution (two poles, but spread in the complex plane)

e Photoproduction to the rescue: vp — KTXm CLAS, Phys. Rev. C 87, 035206 (2013)
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PRESENT STATUS of the TWO-POLE SCENARIO .

e Two poles from scattering plus CLAS data (one well, the other not-so-well fixed):
for details, see Cieply, Mai, UGM, Smejkal, Nucl. Phys. A 954 (2016) 17

800
B [0 KM NLO
B ® PNLO
B *x MI
600 = [*mu ¥ v *.
— - |aB2 N
> L |vBa
CJ SIDDHARTA
~400
@
=0
2001
i DEAR
0 L L L L | L L L L | L L L L
100 200 300

AE(1s) (eV)

-imz (MeV)

150
- [0 KM NLO
L ® PNLO
- * * MI
L * * M
1001 vos
I T
s .
» O
w
Va
0 PR SR W T N T T SN S N RN R T T T
1300 1350 1400 1450 1500
Rez (MeV)

— PDG 2016: http://pdg.lbl.gov/2015/reviews/rpp2015-rev-lam-1405-pole-struct.pdf

POLE STRUCTURE OF THE A(1405) REGION
Written November 2015 by UIf-G. Meif3ner and Tetsuo Hyodo
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SUMMARY and OUTLOOK d

e Hadronic molecules are a particular manifestation of non-conventional states

e Closeness to two-particle thresholds allows to formulate suitable NREFTs

— systematic access to production, decay and other processes

e Must differentiate between long-distance and short-distance processes

— can lead to misconceptions about the dynamcis of such states

e first lattice calc’s w/ sufficiently small quark masses/ channel couplings appear

— explicit examples in Feng-Kun Guo’s talk

More than 60 years after Weinberg'’s groundbreaking work on the
compositeness of the deuteron, we are now in the position to
identity and understand many more of such loosely bound states
through an interplay of experiment, theory and lattice simulations.
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SPARES
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Prospects and summary
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HADRON PHYSICS COMPLEXES #

e present and future HPC = Hadron Physics Complexes — BEPC-II, FAIR

(the contenders: B-factories and colliders)
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COMPLEMENTARITY

BEPC-II| ete™ collisions to generate numerous J /4,1, ... particles

e relatively low luminosity

e clean background

e final states from J /4 resonance decay

FAIR | fixed target p on p collisions

e high luminosity

e complicated background

e access to most quantum numbers directly
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MEASURING LINE SHAPES "

e Measuring line shapes — resolution defined by the beam momentum,
not by the detector!

e Example: observation of the x.1 state

® M(xc1) = 3610 MeV, JPC = 1++

@ CBall
@ ES835

eT e~ annihilation:

ete”™ = ¢ = [vxer | > v¥J/Y — yveTe™

pp annihilation:

PP — [ Xe1 | = I/ — vyeTe™

— eagerly waiting for PANDA at HESR I
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FACETS of STRONG QCD

e running coupling constant ag(Q?) in QCD

= two regimes: strong & perturbative

05
\ Theory | O 9 ﬁ\
GS(Q) ‘\“_ Data . . g £ B
(Y th?plne_la_stlc_Scattenng A
AN N v B
e quarks and gluons form hadrons Y L??NQ -
\ /\(h% 0‘s(Mz)\
: os| I\ Qca{iﬁkiit:ﬁziié‘; |
=- exploring the strong color force %68 | 101 v — — 1156

— which kind of states are formed? ™|

= how are these states formed? °
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What are HADRONIC MOLECULES ?

e Bound states of two hadrons in an S-wave just below a 2-particle threshold
or between two close-by thresholds =- particular decay patterns

e weak binding entails a large spatial extension

e classical examples:

* the deuteron m, + m,, = 938.27 4 939.57 MeV, e = 2.22MeV

* the A(1405) Dalitz et al., (1960)

ms + m, = 1189.37 + 139.57 = 1328.94 MeV A -
mp+mg = 938.27 + 493.68 = 1431.96 MeV A(L105)

* the scalar mesons f(980),. ..

mg+mg = 2X493.68 = 987.35 MeV, m(fo) = 976.8 MeV [KLOE 2007]

= how to distinguish these from compact multi-quark states ?
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NATURE of the D,;(2460)

e Nature of the Dsl (2460) MD s1(2460) —MD*O(2317) — MD* —MD
= most likely a D* K molecule (if the D},(2317) is DK)

= study Goldstone boson scattering off D- and D*-mesons

e Use heavy meson chiral perturbation theory Wise, Falk et al., Casalbuoni et al., . . .
1+ yf 3
H, = 2 [V + ZP075]

= (D°, D+, D}), Vi = (D2, D+, Dih)

(p\\\ ,z' (p\\\ ,z' Ep____
. \\\ ,, \\\ /, D
e [-matrix: oy . 4"_-
D D* D*

e Unitarization (as before) — find poles in the complex plane
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KAON MASS DEPENDENGE

P IR SR
450

Mk [MeV]

e Mass and binding energy: Mol = Mg + Mg — €
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‘ = typical for a molecule — test in LQCD I
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