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Quark model: The structure of hadrons

1964 — Quark model by Gell-Mann & Zweig = SU(3) multiplets

“Ordinary” hadrons*: oo Z““:'
. . * ” -
@ Meson consists of quark and antiquark w |

=4.7 MeVic? =96 MeVi/c?

% -%
« @ |+ @
down l strange I

@ Baryon consists of 3 quarks

* Compact “exotic” hadrons anticipated

All hadrons understood => No “exotic” states |

Conclusions
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Quark model: The structure of hadrons

1964 — Quark model by Gell-Mann & Zweig = SU(3) multiplets

“Ordinary” hadrons™*: o :“MTJ"'
spin | %
@ Meson consists of quark and antiquark up
@ Baryon consists of 3 quarks ”Mé ””g

down strange

* Compact “exotic” hadrons anticipated

All hadrons understood = No “exotic”’ states

Prediction of the fourth quark:
o Glashow & Bjorken (1964)

@ Glashow, lliopoulos & Maiani (1970)

Conclusions
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November revolution 1974: Discovery of charm

BNL (p+ Be — ete X) SLAC (eTe™ — hadrons)
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my = 3.105 4 0.003 GeV
F¢ < 1 MeV

Narrow resonance .J/4/ with mass around 3.1 GeV |
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November revolution 1974: Discovery of charm

BNL (p+ Be — ete X) SLAC (eTe™ — hadrons)

oo b - .[_;‘_
2000 + Yﬂ!
1000 E | i
500 .i ',.
2 ool ,',
° oL A
N : e,
20 -+
! O REYF: sia
my = 3.105 4 0.003 GeV
F¢ < 1 MeV

Narrow resonance .J/4/ with mass around 3.1 GeV |

5 years later = 10 charmonia states!

J
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Bottomonia

@ 1977 — L.Lederman (Fermilab): discovery Y(1.5) with mass 9.54 GeV

p+ (Cu, Pt) — ut + p~ + anything

i,

= s Rl
8 1o 12 K
Mans GV

e 1978 — DESY (Germany): discovery of T(25)
@ 1980 — CESR (USA): discovery of Y(3S) and Y(45)
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Breit-Wigner parametrisation: Mass, Width, Poles

Signal yield / 20 MeV/c?
3 B 8 B

o

b, wits

4

38 39
M(D°D°) (GeV/c?)

b, wits

fo

first Riemann sheet
sheet

A= Abg + Apw
1
M? — ]\/102 —i—ZMFO
F() = F(R — HlHQ)
My > Mpu, + Mp,

Mpolc ~ M(] — %FO

Apw

Pole positions:

* i
pole ™~ Mo + ZFO
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Breit-Wigner parametrisation: Mass, Width, Poles

B
o

Signal yiel

b, Uit

d/20 MeV/cz
o

N
o

o

o

R

first Riemann sheet

| | A = Apg + Apw
(a) 1
Apw .
N ]W()Q + ZMFO
Nonrelativistic expansion: s HH)

M My, + My, + E
Mg = MH1+MH2+E0
1
nr
Cx -
W E— By + il

0|2 ~ ‘e—iEot—%Fot 2

~ e—Fot

»
Rog

transition from first to second Riemann
sheet

+ Mp,
pole ~ My — %FO

>kole ~ J\/[O + %FO

second Riemann sheet

ns
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Lattice simulations

L
—_—
gluon fields
O—— ia
quark fields
—Ent

e
2F,

Cij(t) = (0[0i()0;(0)[0) = )

n

(010;(0)|n) (n]O1(0)[0)

e Continuum limit = a — 0
@ Infinite box = L — o
@ Unphysical light quark mass = Chiral extrapolation

Conclusions
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Quark model: Adding dynamics

Hop = Eot)
A p2
Hy = — +Vo(r) + Vsp(r)
mq
30

Vo(r) =or — +Co (Cornell potential)

Vsp(r) = Vis(r)(L - (Sg + SQ)) + Vss(r)(Sg - SQ),

fine s?lqlcture hyperfine structure
1
+Vsr()((Sq- Sg) =3(Sq - m)(Sg-m) & —
\ Q

spin—tensor force
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Approach to ordinary states

Experimental
data

!

Breit-Wigner

parametrisation

Models
for QCD

Lattice

calculations

1

Fit to data

N

Y
Width
Mass e
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Hadronic physics: Consensus before 2003

Quark model provides a decent description of low-lying hadrons

Quark model works surprisingly well even for light flavours

Heavy flavours (¢ and b) comply with nonrelativistic theory

Relativistic corrections improve the description

Experiment gradually fills “missing states”

Lattice provides additional/alternative source of information
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Hadronic physics: Consensus before 2003

Quark model provides a decent description of low-lying hadrons

Quark model works surprisingly well even for light flavours

Heavy flavours (¢ and b) comply with nonrelativistic theory

Relativistic corrections improve the description

Experiment gradually fills “missing states”

Lattice provides additional/alternative source of information

General conclusion: Hadronic physics is well understood
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Exotic states

Exotic states with heavy quarks

“Exotic animal is more unusual and rare than
normal domesticated pets like cats or dogs*
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Revolution of 2003: Enfant terrible X (3872)

I =0, JPC¢ = 1t*, contains c¢

o
@ Too light compared with Quark Model prediction
QM rexp
MP ) = MFP ~ 100 MeV

Strongly attracted to DD* threshold

MEP — (Mpo + Mpo) ~ 0

Large (~ 40%) probability of the decay into DD*

@ Strong isospin violation

Br(X — nta 7% /) = Br(X — ntr~J/4)

12 /40
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Revolution of 2003: Enfant terrible X (3872)

I =0, JPC¢ = 1t*, contains c¢
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( e ~2500 citations (the most cited paper by Belle)
o JPY =17+ unambiguously established by LHCb in 2013
o Nature of X (3872) still under debate

L @ New name by PDG — x.1(3872)

Y A& ) EEEacay L

Large (~ 40%) probability of the decay into DD*

Strong isospin violation

Br(X — T 7% J /) = Br(X — nTnJ/4)
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Spectrum of charmonium
45y (4415)
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Spectrum of charmonium

| D* D 7(4430) |
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Spectrum of charmonium

230 |
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Spectrum of bottomonium

Y(11020)
11.0F - 4

B*B’
BB’ Xy (3P)

(

Zp's are a unique laboratory
@ Two states in JP¢ = 11~ channel
@ Undoubtedly exotic (I = 1)
@ True near-threshold states
@ Two coupled channels (BB* & B*B*)

@ Seen in 7 channels simultaneously

\

A A4 T

Jre
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Effect of hadronic loops
_ VZ|o)
v) = ( k)|HiHa)p— )
* )
1

E—FEo+2T0 E—E;+ % (gk+T0) :
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Effect of hadronic loops

_ VZ|io)
¥ = (X(k)\H1H2>Lo)

Flatté parametrisation:

+ Simple and physically transparent
-+ Accounts for threshold phenomena
— Difficult multichannel generalisation

— Obscure effect of particle exchanges

— Not systematically improvable

\_ J

1 1
E—Eo+4To E—Ef+1(gk+T0o) vk
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Examples of line shapes

Iy gk
E—Eg+%(gk+T0)| |E—E¢+4(gk+T0)

| 2

N

e Bound state (Ey < 0) — blue curve

e Virtual state (£ > 0) — yellow curve

Pole resides on real axis below threshold on RS-I or RS-11

Conclusions
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Effect of experimental resolution

To FOfres(E/_E)dE/
E—Eg+%(gk+T0)| |E'—Ef+ % (gk+T0)

| 2

. —

o Left plot — before convolution with resolution

@ Right plot — after convolution with resolution

Sharp structures turn to broad humps

Conclusions
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Models for exotic states

o Hadronic Molecule
Extended object made of (Qq) and (gQ)
e Compact Tetraquark ¢ 0
Qq
Compact object made of (QQqq)
e Hybrid g
QQ

Compact object made of (QQ) + gluon(s)

e Hadro-Quarkonium o

<
|
&l

(QQ) surrounded by light quarks

19 /40
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Models for exotic states

o Hadronic Molecule
Extended object made of (Qq) and (gQ)

e N
@ 35; NN system with I = 0:

Pole on RS-l with Eg = 2.23 MeV = deuteron

@ 155 NN system with I = 1:
Pole on RS-Il with Eg = 0.067 MeV — virtual state

Compact object made of (J{J] F gluon(s)

J

e Hadro-Quarkonium
q

(QQ) surrounded by light quarks

19/40



Ordinary hadrons Exotic states Generalities EFT T Zy | Wp g Conclusions

Some generalities
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Pion exchange
Long-range OPE

- q:q; 1 ( u )
V = :ﬂ' ~N ——— e _61 _1
UL T @-mE . 3 @+ [m2 — (M, — M)7]
;ezﬁlls

Effective mass 2

@ Deuteron (m, > M, — M, = ji; =m,) = Ve oL

Lo—mqr
-€

@ Charmonium system (1, < Mp- — Mp = p2 <0 & |p-| < my):

3-body unitarity: + -7

@ Bottomonium system (1, > Mp. — Mp = p2 > 0 & pir < my):

2 "2
e+ (k+ k) ‘
/kokaOPE(k — k') ~log m = left-hand cut at k2 < — 12
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Pion exchange

Long-range OPE
5 4i4; 1 ( 14y
Vore = S S (g )
ore I q2 — m?2 3" q® + [m? — (M, — M)?]

Effective mass p2

( If mlat > mPhYs — Interpretation of lattice results may be nontrivial j

@ Charmonium system (1m, < Mp. — Mp = p2 <0 & || < my):

3-body unitarity: + -7

@ Bottomonium system (1, > Mp. — Mp = p2 > 0 & pix < my):

2 n2
e+ (k+ k) ‘
/kokaOPE(k — k') ~ log m k,::>k left-hand cut at k2 < f%,u,fr
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Pion exchange
Long-range OPE

1 2
— _61‘]‘ (—1+ s )

V =
o 3 q* + [m7 — (M. — M)?]

Effective mass p2

( If mlat > mPhYs — Interpretation of lattice results may be nontrivial j

°
( For data in a broad energy range, D waves from OPE are important )

3-body unitarity: ' + -7

I

@ Bottomonium system (1, > Mp. — Mp = p2 > 0 & pix < my):

pz + (k+k)?

/kokrVopE(k — k') ~log 24 (=2

= left-hand cut at k% < — 142
K=k e
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Heavy-quark spin symmetry

e Exotic states contain heavy quarks (HQ)

In the limit mg — oo (mg > Aqcp) spin of HQ decouples

=—> Heavy Quark Spin Symmetry (HQSS)

For realistic mg's HQSS is approximate but accurate symmetry of QCD

@ HQSS = tool to relate properties of states with different HQ spin
orientation

— Spin partners

22 /40



Approach to exotic states

Generalities

Experimental Data

Models

!

Lattice
Calculations

for QCD

Coupled-channel

1

Coupled-channel

Equations Equations
* \ e Poles / *
e Residues
e Symmetries Chiral
Combined Fit 9= e Binding energies [~ Extrapolation

23 /40
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cc

Effective field theory for hadronic molecules

Binding m-exchange Coupled channels ut-off P

T T T t licit] integrate out

mnE maA reat explicitly A integrate out
mQEp mq

< Q > ‘ EFT convergence parameter: y = Q/A‘

Interaction potential between heavy hadrons:

-
. . ]
Includes all relevant interactions >< + T+ e
R E—

Complies with relevant symmetries (chiral, HQSS, etc)
Incorporates coupled-channel dynamics
Expanded in powers of p?/A? and truncated at necessary order (LO, NLO...)

Iterated to all orders via (multichannel) Lippmann-Schwinger equation
T=V-VGT

25 /40
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cc

Effective field theory for hadronic molecules

Binding m-exchange Coupled channels Cut-off P
T T T treat explicit] integrate out
oy ~ oy ~ A\ at ex 1tly mtegrate out
moEp ymoA reat expueitly - A S
Q—7 Lo ~qe parameter: x = /A ‘
Hy Hy
Interaction potential betwe
@ Includes all relevant i + o
@ Complies with relevan H, H, etc)
@ Incorporates coupled-{_ )
@ Expanded in powers of p?/A? and truncated at necessary order (LO, NLO...)

Iterated to all orders via (multichannel) Lippmann-Schwinger equation

T=V -VGT

25 /40
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Effective field theory for hadronic molecules

Free parameters:
o Low-energy constants
e (Bare) couplings to hadronic channels
Input (combined analysis):
@ Line shapes (Dalitz plots)
@ Partial branchings
Output:
@ Pole position My (“mass”= Re(M), "width”" = 2 x Im(M))
@ Residues at the poles (dressed couplings)
Predictions:
@ New properties of state: line shapes, partial widths,...
@ Spin partners: poles, line shapes, partial widths,...

@ Chiral extrapolations

26 /40
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cec

Double-charm state 77},

I=0 J=1*

Minimal quark content: ccud

T) — D°D7*

Conclusions
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“ @ LHCb (Nature Phys. 18 (2022) 7, 751)

gu\ 70r : —
~ C N< 3
£ o 23 } 1
= 50 S | 1]
S 50: + ]; 155 + El
S C ! =100 17
2 T RPN =" mﬁt@ ;
VR e Ol S
- Total
20 ﬁ ,,,,, 2 + + ;
10-
s % ﬂﬁ“ﬁ #H% + W Wﬁ
3.é7 1 388 389 39
MpopOs+ [GOV/ cﬂ

odmpw = —273 £ 61 + 5ﬂ}1 keV Tpw =410+ 165+ 431%2 keV/
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Simple Flatté fit (x2/Nu,s ~ 1)

_ VN
E—-E;+ %[g(];q +];‘2) +FO]

. ¢ o (V(E-EPy+ 103 + (B~ BDY), E>ED
kn =

—i\/ o (V(E-ERy+ 1T} - (B-BY), E<ED

th =0 = No compact component

Pole position:
Epole = (—347 —i31) keV

In neglect of D* width

_ VvVEB+ A Y, VEB
VEs +VEp + A T VEp+VEp t A

For Ep = 347 keV and A = 1.41 MeV
X1=07 X,=0.3

X1
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EFT approach to 7]

ve = VmpEp ~ 25 MeV A = 500 MeV
max POtentia| at LO

Pz = v/mp ABgara = 100 MeV = OPE included

Peoupicn. = \/mp(mp- —mp) ~ 500 MeV No couple channels

30/40
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EFT approach to 7./

vs = VmpEp ~ 25 MeV A = 500 MeV
max POtentia| at LO

Pz = v/mp ABgara = 100 MeV = OPE included

Peospien. = /mp(mp- —mp) ~ 500 MeV No couple channels

@ Lippmann-Schwinger equation for scattering amplitude (1 free parameter)
’q
/

V(M,p,p") = vo + Vope

T(M,p,p') =V (M,p,p') —/

@ Production amplitude (1 additional free parameter: P = point-like source)

dq

U(M, p) :p_/

30/40
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EFT approach to 7./

Conclusions

v =V mplkp ~ 25 MeV A =500 MeV
o Potential at LO
Pizs = VD AEgata ~ 100 MeV = OPE included
Peowpien. = V/Mp(mp+ —mp) =~ 500 MeV No couple channels
. - N
@ Lippmann-S 3—b0dy effects: barameter)
T(M, /, ‘\ - /' (M, ‘Lp/)
, +

@ Production amplitude (1 additional free parameter: P = point-like source)

dq

WT(Mapv q)G(M7 Q)P

UM, p) :P—/
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Fitting schemes, results, and conclusions

I' p«=const, OPE Tp«(p, M), OPE T'p«(p, M), OPE
x2/d.of. 0.79 0.74 0.71
vo [GeV 2] —23.34 + 0.08 —22.8870:08 —5.0479:20
Pole [keV] —368T93 —i(37+0) —333T3L —i(18+1) —356T33 —i(28+1)

P @ (Quasi)bound state just below

30 TR Scheme I: )‘(2:0.79 D*+DO threShOld
--- Scheme II: ;‘{2 =0.74
—— Scheme III: x>=0.71

> 3 Db page -

T L oo DUDYDUDthr @ Compositeness: 70% & 30%
> 20 = T,j'BWmass;

g i ------ Backgroundi

35 d ‘ @ Spin partner T near

S D**D*Y threshold is likely to

exist but predictions uncertain

3.873 3.874 3.875 3.876 3.877
Mpepor+ [GeV]
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Fitting schemes, results, and conclusions
I'p«=const, OPE Tp«(p, M), OPE T'p«(p, M), OPE

x2/d.odf. 0.79 0.74 0.71
vo [GeV 2] —23.34 4 0.08 —22.88+9-98 —5.04+34
Pole [keV] —368T93 —i(37+0) —333T3L —i(18+1) —356T33 —i(28+1)
Breit-Wigner fit: —273 — 4410 keV nd state just below
30 Simple Flatté fit: —347 — i31 keV eshold
= ! ! ;
o [ o DUDYDUDthr @ Compositeness: 70% & 30%
g 20 J» X i ------ T.; BW massi p 0 0
g ------ Background,
3 | @ Spin partner T near
S D**+D*9 threshold is likely to
exist but predictions uncertain

3.873 3.874 3.875 3.876 3.877
Mpepor+ [GeV]
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Comment on lattice studies of 7

Padmanath & Prelovsek, Phys.Rev.Lett. 129 (2022), 032002

0.2

0.1

7

p cot(60)/Epp*

—— N =32 |
—o— N =24

1 T T . .
—0.008 —0.004 0.000 0.004 0.008 0.012
(p/Epp~)?

Ep =9.972% MeV
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Comment on lattice studies of 7

0.20 [ Two-body threshold ' I
015: ERE t.;+5rp ]
& enhanden] \
W o.10f AN ]
S [
8 o0.05f ]
o [ ]
0.00F ]
— :
~0.05f ]
~0.005 0000 0005 0010
(p/Epps)?

Lattice data: Padmanath & Prelovsek, Phys.Rev.Lett. 129 (2022), 032002
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Comment on lattice studies of 7

0 20: Two-body threshold ' I
/ ERE fit: L L
0.15[ ta ]
I \ <
s b N
S 005 . .
(i Uor o For m,; > M, — M OPE is repulsive
[ V(r)
0.00f | /——-}
—_
0,05

~0.005 0000

(O/Eor  ° OPE generates Ihc and pole in pcot &

1 1 2 8 a
Lattice data: Padmanath & Prelovsek, @ ERE & + 57p” is not reliable near |hc

@ lhc to be included in data extraction
33/40
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Twins Z;,(10610) & Z;,(10650)
[=1 JY =1t
Minimal quark content: bbgq

Y(10860) — 72, — w[BBY]
Y(10860) — 72" — w[xhy(1,2P)]
1(10860) — 72" — =[x T (1,2,35)]

Conclusions
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Zy's (JPC =177) and W,;'s (JPC = J*) in decays of T(10860)

M
T(10860)
T -7 P
Z,(10650) o =~~~ -W; Wi B*B*
- el T .
T e T T
v .7 v
T(nS), hy(mP) Pid Py Xb1s Xb2
Zp,(10610) & ~ BB*
A ——
™
\d
T(nS), hy(mP) Xb0s Xots X2
I/Vb() BB
—_—
™
v
Xb1: 1

Z,(10610) ~ BB*~ 0,®1; ~ 13 ®0g, + 05, @ lg,
Zy(10650) ~ B*B*~1,®1; ~ 1y ®0g, — 05 @ lg,
(Bondar et al'2011,Voloshin'2011,...)
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Zy's (JPC =177) and W,;'s (JPC = J*) in decays of T(10860)

M 1

B*B*

= Constructive interference between Z;, & Z; in 7w channels
= Destructive interference between Z;, & Z] in wmh;, channels
= Relevant (HQSS breaking!) parameter r = (m.-—m.)/I", (rphys ~ 3)

= Br(nmhe)[rphys|/Br(mmY) [rphys) ~ 1

\_
Xvts 1 Af
Zy(10610) ~ BB*~ Oz @1, ~ 1, ®0z + 05, ® lg,
Zy(10650) ~ B*B*~1,®1; ~ 1y ®0g, — 05 @ lg,
(Bondar et al'2011,Voloshin'2011,...)
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Zy's (JPC =177) and W,;'s (JPC = J*) in decays of T(10860)

M N

B*B*

= Constructive interference between Z;, & Z; in 7w channels
= Destructive interference between Z;, & Z] in wmh;, channels
= Relevant (HQSS breaking!) parameter r = (m.-—m.)/I", (rphys ~ 3)

— Br(nmhy) [ronys] /Br(ma D) [rpmys] ~ 1

Y4

A~1 GeV

Peowplch. = \V/mp(mps —mp) ~ 500 MeV = ¢ Potential at NLO

OPE included (D waves!)
\ J
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Zy's in EFT approach

B™ B* potential:
V = Vr(to order O(p°))
Coupled channels:
17~ : BB*(3S1,-), B*B*(351)
0™ : BB(!Sy), B*B*(1S))
17 BB*(3S1,+)
27 . B*B*(5S5)

Conclusions
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Zy's in EFT approach

B™ B* potential:
V = Vr(to order O(p?))+V;

Coupled channels:

17 BB*(3S1, — ) B*B*(3S) BB*(3D1,—),B*B*(3D1)

0™ : BB(!Sy), B*B*(*Sy), B*B*(°Dy)

17 . BB*(3S1,4), BB*(3D1, +), B*B*(°Dy)

27 . B*B*(5S,), BB(* D), BB*(*D>),

B*B*(\Dy), B B*(°Ds), B* B**G)

Lippmann-Schwinger equation (o, 3,7 = (BB*, B*B*) @ (L = 0,L = 2)):

&3 4
Ta,@(M b,p ) aﬁ' pv 2/ 3 om/ pa )G (M7 q)T’Yﬂ(Mv qap/)
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Free parameters:
e Contact potentials (4)
e Couplings to hidden-bottom channels (5)
@ Overall normalisations (7)
e -7 interaction (6)
Total: 22

Conclusions




Ordinary hadrons

B®™ B* pot

Coupled ch

[ S o W Sy

| N}

Lippmann-{

Ta,@(M7pu

Exotic states Generalities EFT

i Zy /Wy

-

Free parameters:
e Contact potentials (4)

e Couplings to hidden-bottom channels (5)

@ Overall normalisations (7)

e 7-7 interaction (6)

Naive sum of BW's:
@ Masses (2 x 7 = 14)
e Widths (2 x 7 = 14)
o Relative phases (7)
@ Overall normalisations (7)

e -7 interaction (?)

Total: 22

Total: > 42

Conclusions

J
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Fitted li h for Zy’
itte Ine shapes for 2, s
50| @ 40) ’ © © 0 @
H 3| . .
I ; : I
2 40 | : z z tir z 1
M | £ £, S L
3 H 11 = N
Em 1‘%[ i Ezu =i } E i g Ipﬂ
2o 1L 2 H £ RN G
<o 1L S R RN I I N A L O R
S TG F ity e +
i Ly e | L
1 |1 I .
10.60 10.62 10.64 10.¢ 68 10.70 10.63 10.64 10.65 10.66 10.67 lO 68 1L 69]‘070 1040 1045 1050 10.55 10.60 10.65 10.70 1055 10.60 10.65 10.70
M(BB')(GeV/c*) M(B'B')(GeV/c?) M(hy(1P)m)(GeV/c?) M(hy(2P)m)(GeV/c?)
50
@ Yas) | " @ w0 © 3
a0 o Y(2S) % 40 Y(3S)
e g g
: o iy
=20 < 30 S
£ o £ | g0
@ 4 o) @
0 ' o it (LI
102 104 106 108 110 112 114 116 ?(!X 110 112 114 116 1125 1130 1135 1140 1145 1150
M (Y(18)M)max [GeVZ/e*] M (Y(28)Mmax [GeV/e*] M (Y(38)Mnax [GeV?/c]
0 23
~ (b) MX(x*77) > 02 GeV/c* s @ M3(x*77) > 0.14 GeV2/c* ~ ® M(z*7n7) > 0.1 GeV2/e?
© 40 o3 220
% B 2
S 30 840 ’ ‘ s
5 S il
<2 = =
5 S B =
g 10 g 10 I g 5
85 b5 02 04 [ o8 *—gio i 750 o

M2(x*77) [GeV?/c*]

M2(x*70) [GeVP/e]

M(x'77) [GeV?,

/c!)

37/40



Ordinary hadrons Exotic states Generalities EFT T{f Zy /Wy g Conclusions

Predicted line shapes for 1, ;’s

E 0+ 0+ 29 o+ 12 o+

of

dr (B8 /dM [au]

\_\ o

[ T T30 1085 1060 T66s 10670 WS 0W 0w 106 106 10 1056 1058 00 1063 1061 10]
M(BB) [GeV/c?] M(BB) [GeV/c?] Mxs, 1 p ™) [GeV/c?] M, 15y 1) [GeV/e?]

05605

1+ I

Ar(BE) [ dM
dF (i iy ) /M [a]

[

0% ToeT 105 T 0er 106 FE O T e e
M(BE) [GeV/c?] M, 1y 1) [GeV/e]

2+ o o+ o

fau]
[a.u]

of

dar (BB) /dM
dr (BB') / dM

dr (B'B) /dM

e e S WS 106 0% 08 062 106 106: 1065 1066 1067 TG4 10630 10455 10660 10665 10670 o Toks0 0SS o6
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Role of pions

20
)
2 15
g -
S 15 =
z =
E
g =
= =
< =10
=10 ®
= <
= =
2 -
& S
53] o>
& 03 = 0.5
=
£
0 0.0 .
10.645 10650 10655 10.660 10.665 10.670 10.645 10.650 10.655 10.660
M(B*B’) [GeV/c?) M(xs, (17 7) [GeV/c?]

@ Blue dashed line — pionless theory
@ Black solid line — full theory with pions
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Conclusions

Collider experiments at energies above open-flavour thresholds started
new era in hadronic physics

Threshold phenomena, coupled channels, pion exchange are important
Multibody unitarity and analyticity of amplitude need to be preserved
Line shapes of non-Breit-Wigner form is current reality

From “mass” and “width” to pole position and residues (couplings)

EFT can be employed to a success as model-independent, systematically
improvable analysis and prediction tool

Results of EFT analysis to be used as input for QCD-inspired models

Lattice simulations are important to fill the gap in experimental data
and provide numerical experiment in “alternative Universe”
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