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B, D and K physics

- The structure of the SM prohibits Flavor Changing Neutral Currents (FCNC) at tree level:
Y, = U'Y " Uy i) Zu) = i, ZUUlu, = iy Zu,
Y, = DY “¢Dy = W\ Wd) =i, WU,Dd; = ii; W Ve d;

- FCNC are generated at the 1-loop level but are still subject to the GIM mechanism
%4

2
m
% 3 x ViV —L ~ (4x107%) x4

b
* Bottom: ,
'7/,/%}/ th ' ts m‘%v
%%
SH\NWH/LQ m,f . ;
» Charm.: ¢ d,% U ochbVCb m—VzVN(ZXIO )X (3 %X 107°)
Y
%%
2
m; W
S u,c,t d x V*V —2~(4><10 )X 4

* Strange: ’L"'@ ts " td m3,

Y
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B, D and K physics

Size Phase Space Theory
(CKM x loop factor) uncertainties
T Tl Tl
Large amplitudes allow study Large number of decay O(5%) accuracy is attainable
of spectra and asymmetries modes iIN Most observables
+ T +
Small SM amplitudes are @ Major problem with non-
challenge for differential oerturbative effects: charm is
studies but an opportunity for neither light nor heavy
BSM searches
T + T4

Limited number of modes

Some processes are very
clean (K;, K — muvp), others
suffer from large
uncertainties (AMg, €'/ ¢ )

E. Lunghi
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A tale of multiple scales

Effective SMEFT, HEFT

VWeak

Hamiltonian

Optical Th./OPE
HQET

Q
.Z
)
(qv)
0O
| G
=)
)
. G
()
o

NENE

M SCET Isospin and Factorization
Dalitz plot for multi (=3)
f A
E w PO Analyses hadron final
g VAGOD Bextornal ‘ non-local RGE states
%51 Lattice QCD
L A
5 Reb L CSR
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B MIXING

. Dispersive contributions are perturbative (M, ,):

t d
———>
W w : £y 2
j «  Gr (VL Ved) So(mi/ud)
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< —
t b
2 E 2
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B MIXING

. Absorptive contributions are highly non-perturbative (I';,):
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2
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D mixing

. |t is common to introduce: Xj2 = 2

No direct CPV in DCS

o
|

0,, [deg]

15| SN R

_4:_ ................. ...................... .................... ....................... .................... ..................... 0.3_:_ ...................... .......................... .......................... .......................... .......................... .......................... ..........................

[P0 SN TN N S BN | 1.2 02 hZo

» M, and I'}, receive contributions from matrix elements involving a single insertion of a AC = 2 operator
(short distance) and two insertions of AC = 1 operators (long distance)

- Long distance contributions dominate the D-mixing amplitude (by several orders of magnitude)
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Non perturbative matrix elements: AB = 2

+ B-mixing (AB = 2 matrix elements): . The matrix elements for AB = 2 relevant for M,
G2 have been calculated long ago using lattice-QCD:
W
Hoy =——(V3V, )22 C.(u) O rmG2024 B, Be.
T
Z; I — FLAG average for Ne=2+1+1 |-
O“//;’; = (0ryqr)(br7"qL) ~—— Dominant operator in the SM 1 = HPOCD 194 .
O = (brYuar)(brY"qR)
O{’R — (ELq/quL)(BR’)/'U’qR) u FLAG average for Ne,=2+1 .
03" = (éRQL)(?LQR) - — @l FNAL/MILC 16 —
OiqLL = (brqr)(brqr) ZL | — . RBC/UKQCD 14A ——
OigRR = (brqr)(brqr) —— HPQCD 09 -
05" = (browar)(brotqr) HPQED 064 -
S — (T T %
OQRR = (bropuwqr)(bro™qr) . FLAG average for N;=2 -
.- We need the matrix elements of the AB = 2 2 o ETMAE i
_D__| ETM 12A,128 |_|:]_|
operators O,(4) 1.0 1.2 1.4 1.0 1.2 1.4

. |tis common to introduce Renormalization Group
iNnvariant matrix elements:

) o A 24m2
by (B 1OV ) | BY) = = f By = [M{lsn = ———= ng my, f5B, So(mi/miy) (VisV,,)7
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Non perturbative matrix elements: AB = 0 (Weak Annihilation)

. Inclusive decays and lifetimes (AB = (0 matrix elements)
. Forinstance, for B = X Cv:

- S e ) . The matrix elements for AB = (0 (Weak
[ C3bb annihilation) are much more challenging:
i » renormalization is complicated by mixing with

operators of lower mass dimension

P » they involve disconnected and “eye” diagrams
VN _ for which statistical noise is much larger
—_— - > - 05 baﬂyG“l/b o

- Recently, preliminary results for the calculation of

AC = 0 operators in the D, system have
4 C, ISL?’,ML i, y'b, appeared using the Gradient Flow Renormalization
e I u u I 8 |Black, Harlander, Lange, Rago, Shindler, Witzel
231018059 and 2409.18891]
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Non perturbative matrix elements: AB = 0 (Weak Annihilation)

* Note the difference between valence and non-valence matrix elements

u

d d

A A b b
(B >-< gty (B >‘< |B%)

~

fi = fy

b b

(B*| >--< |BT)
- d d _

N

f c_z_k = fyv [SUQ)]

b

b
(B* >--< B*)

17 = fyy 1SUG)

E. Lunghi

—

f =1y 1SU@)

b b
(B >--< 1BY)

b
(BY] >--< | BY)

A~

fb(t)EfNV

b

\)

19 = fiyy [SUG)]
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Non perturbative matrix elements: AB = 0 (Weak Annihilation)

* Note the difference between valence and non-valence matrix elements

A A b b
(B >-< gty (B >‘< |B%)

~

fi = fy

b b

(B*| >--< |BT)
- d d _

N

f c_l_l_ = fyv [SUQ)]

b

b
(B* >--< B*)

17 = fyy 1SUG)

E. Lunghi

d d

—

f =1y 1SU@)

b b
(B >--< 1BY)

b
(BY] >--< | BY)

0 —

u _fNV

b

\)

19 = fiyy [SUG)]
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‘eye diagrams”
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Non perturbative matrix elements: AB = 0 (Weak Anninhilation)

* Note the difference between valence and non-valence matrix elements

b b b b b b
(B*| >-< | B*) (B >‘< |B%) BOO QBO
k u u d d

=1, J k =g su d d
b b b b
(B™| >--< |B™) (B >--< | BY)
d d k U " ) L E
f, c_z_k = fyv [SUQ)] / L(t) = fvy B+ Bt
b b
(B™| >--< | B™) (BY] >--< | BY) .
§ ) " :

eye diagrams”

fE = fuy ISUG)] = fyy [SUG)

» Currently, the best one can do is to adopt upper limits extracted from D%* and D, decays rescaled by a factor
mg f5/(mp,f3) [Gambino, Kamenik 1004.0114; Shao, Huang, Qin 2502.05901]
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Rare charm decays
- Strong GIM suppression }

Up-quark sector FNCN

room for large BSM contributions not excluded by
bottom and kaon physics

. Rare charm decays, when not dominated by tree-level W- exchange diagrams, provide powerful

Null-tests of the SM

. Forinstance, focusing on ¢ = uZ¢ and ¢ — uvp transitions:

C,| £150

BR(D — avi) < 2.1 x 1074
BR(D — up) <2.2x107°
BR(D' - ztuu) < 2.5x 1078
BR(A, — pup) < 7.7x 1075

—
—
—

Cio
ClO

< 0.5
S 0.7

— | (5] 5 0.2

2

BESSIII

CMS, L

L

Cb]

[LHCDb]

HCDb]

Many orders of magnitude from
the SM predictions!

Where the operators are O, = (i y,cp) (Upy*vy), O; = m e (i 0,,cp) F HY 0 = (dry,cr) (EyH0), Oy = (Ury,cr) (¢ yHys?)
and the SM expectationsare C, ~ C;y ~ 0, | Cgﬁ(qz)\ < 0.01 and | Cgff(qz) | < 0(0.1)

E. Lunghi
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Rare charm decays

Global analysis of all leptonic and semileptonic D decays [Gisbert, Hiller, Suelmann 2410.00115]

Re(Clo)

E. Lunghi

e SM
*  best fit value
" Global Fit

AT s putuT

D s ataptus
. Dt satptus

D° = ptpu”

Re(Clo)

14/34

SM
best fit value
Global Fit

D° - ntaptp”

L
*
[
A s pptes
[
. Dt s atutus
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Rare charm decays: D —» 27z~ vs DY —» KTK~
- CP asymmetries in Single Cabibbo Suppressed hadronic decays (for which penguin pollution is expected
to be small) can be decomposed in direct, mixing and interference (between the two):

U
. K*
14 d W E — a,=a’+a" +da!
C > > d C > > S ! / / /
0 - 0 - . |
D™= . 7 7 D™= . = K almost identical for
f=rnnand KK
. The difference Aacp = dgy — a,, = al‘éK — ad is controlled by direct CP violation

AalP = (=154 £2.9) x 10~*  [LHCDb1903.08726 ]

exp —4
P(KK) = (7.7£5.7) x 10 [LHCb 2209.03179]

eXp(mt) (23.2%6.1)x 10~ !

0.6
. Unfortunately U-spin (interchange s <> d) appears badly broken: acp(rm) TD —~ KK) _ )i +09325%; exp |
acp(KK) T'(D — nr) —1 U-spin
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Rare charm decays: D —» 27z~ vs DY —» KTK~

. Adirect calculation using Light-Cone Sum Rules yields AgSt = (2.0 £ 0.3) x 107, which is not
compatible with the experimental result [Khodjamirian, Petrov 1706.07780]

- A description of hadronic matrix elements which includes o model-dependent resonant enhancement

due to the nearby f, state is able to describe the data [Soni, Schacht 2110.07619]

. Fits based on flavor SU(3) are very poor (not a surprise given the large U-spin violation): y?/dof = 7477/3!
nclusion of large SU(3) breaking corrections resolves the tension [Bhattacharya, Datta, Petrov, Waite 210713564]

. Perturbative calculations are plagued by the - New Physics explanations are also possible:
unknown interplay between penguin and tree [Bause, Gisbert, Hiller, Hohne, Litim, Steudtner 221016330
amplitudes: . i

|:] U—spin|i30%

LHCb 2022
—— BMI
—— BM II
| BMIIL, IV |

< O
Q |
</ o
\Cn \
Q|
Acp (KTK™) - 10°
>
=
N
SHES
3
_|_

i~
A
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Hadronic two-body B decays

- A huge amount of data has been accumulated on hadronic b-decays to two pseudoscalar mesons:
B - PPwhere B=B,B,and P =m,K, 3,7’

8® 8 8 8 8®1 1®1
AS =0 AS =1 AS =0 AS =1 AS =0 AS =1 AS =0 AS =1
BT - K°K* | Bt 5 T K" B - K'K~ | B - K"K~ BT — mnt BT - mKT B® = mm By — mm
0 0 0 0 0 0
Bt > ntn Bt 5 n°K™* go — T s gg — TS B° — 7%, B? — 7%y
Bt — ngmt BT =5 ngK™ — 7878 s — 71878 B° = ngm B° — ngm
, _ 0 + po— 0 — g+
B® - K°K" | B, » K'K" Bs =m K| B =m K B - mK° | B® - mK?°
BO _y ot BY — nto BY? - n°K?° B’ - °K°
B° — n7° B! — nx® By — nsK"” B? = nsK®

. Historically, B — zr data (BR and CP asymmetries) have been used to determine the CKM angle a.

- This was achieved via an isospin analysis [Gronau, London]

- The QCD factorization description of these decays receive large power corrections [BBNS]

. Assuming exact flavor SU(3) it is possible to describe all B — PP measurements in terms of a relatively
small set of unknown amplitudes.

17/34 21st Rencontres du Vietnam
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Hadronic two-body B decays

- The amplitudes can be described either in terms of Reduced Matrix Elements (\Wigner-Eckart) or of
Topological Quark Diagrams (Tree, Color suppressed, Penguin, Annihilation, ...)

- Many groups performed these fits and, using the most recent data, there is a consensus that
SU(3) corrections are required to provide a good description of data

He, Wang 1803.04227]

Hsiao, Chang, He 1512.09223]

Huber, Tetlalmatzi-Xolocotzi 2111.06418]

Berthioume, Bhattacharya, Boumris, Jean, Kumbhackar, London 231118011]

Burgos Marcos, Reboud, Vos 2504.05209] — y?/dof = 32.3/15,p = 5.8 X 107>
Bhattacharya, Bouchard, Hudy, Jean, London, MacKenzie 250511492]— y?/dof = 43.2/17,p = 4.5 x 107

- There is still a strong disagreement, stemming from the counting of the required independent SU(3)
amplitudes, on whether this can be resolved invoking reasonable (~20%) or unreasonable (~1000%) SU(3)
breaking corrections!

- Whether these results are a hint for New Physics is, therefore, an open question

. |tisinteresting that the SU(3) limit is problematic both in hadronic B and D decays

E. Lunghi 18/34 21st Rencontres du Vietham



INnclusive decays
. Inclusive b-decays to light final states B = X £v, B = Xy, and B — X .£¢ are extremely important

because, in the full OPE limit (no my cut), have theoretical uncertainties which are independent from

those that appear in the corresponding exclusive channels (B — 7y, B - K*y, B - K e

. Moreover, global fits to B = (X, X .)¢'v are also essential for the determination of the b-quark mass in o
short distance scheme (e.g. kinetic) and to extract HQET matrix elements of power suppressed operators

. Unfortunately all these modes can only be measured at low my

- The extrapolation to the whole phase space is currently addressed separately in the three modes

.+ B — Xy: the experimental cut at E, 2 Ey with Ej € [1.7,2.0] GeV is sufficiently close to edge of the
perturbative region (£, = 1.6 GeV) that a simple extrapolation can be useo

- B — X £v: sophisticated fits involving parameterizations of the B-meson shape function

. B — X.ZC: extrapolation performed by the experimental collaborations using a Fermi motion model
[Ali, Hiller, Handoko, Morozumi hep-ph/9609449] which is hard coded in EVTGEN (Monte Carlo generator)

E. Lunghi 19/34 21st Rencontres du Vietham



INnclusive decays

- Shape function vs hard scattering spectra:

3
BaBar 2012 (Sum Over Exclusive) /«K peak
. 6— —— Shape Function end-point relsonance | [
Tk . |
% 5f —— Hard Scattering 10} .
S T i
S =
= X 7 l}'
[~ of
o ) HE A
1t perturbative 0 T %
+ P T
™ 0:
0.0 1 1 1 1 Ot5 1 " 1 1 1l.O 1 1 1 1 1.l5 .\ 1 2j0 1 1 | 1 2.15 1 1-4 N N N 11.6 " N N 118 N 1 N 21.0 1 N N 212 N N N 21.4 1 N N 2f6 " N N 2i8
E. (GeV) exact location of the Ef (GeV)

oerturbative/end-point threshold
depends on Shape Function

- Note that two equivalent theoretical approaches are most commonly adopted
« GGOU [Gambino, Giordano, Ossola, Uraltsev]: each channel has its own shape function

- BLNP [Bosch, Lange, Neubert, Paz]: universal leading power shape function + subleading shape functions

E. Lunghi 20/34 21st Rencontres du Vietham



Form Factors for exclusive decays

- The central problem is the calculation of matrix elements of the type:
(KW 0(y) | B) = (K| T J;™(x) O(y) | B

. Atlow-g? the large energy of the K introduces three scales: mbz, AQCDmb and AéCD:

| | Most problematic especially
Soft-Collinear Effective Theory near o ~ 6 Ge\V?

. At high-g2 the KO does not recoil, (x — y)* ~ 1/g* ~ 1/m;-
(KO | TJ;’m(x)O(y) | B) ~ C X [ Form Factor] + O (A/mb)

G ----- > local OPE

E. Lunghi 21/50 Barcelona June 2025



Form Factors

- Light-Cone Sum Rules (low-g?): some uncertainties have to be ball-parked but gets access to all form factors

- Lattice QCD (high-g2): B = K complete, B — K* and B, — ¢ ongoing
[see the recently completed FLAG 2024 review, 2411.04268]

» For stable mesons the Euclidean correlator is dominated at large Euclidean time by the meson ground state:

CEK(t, T:p) = ), e Px3 (0] 0,(0.0) VA1) O}(T.%)|0) ~ Z, Z& (K| V¥| B) et ¢=MsT=0

X,V

SN 7
D
[

1
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Form Factors

- Light-Cone Sum Rules (low-g?): some uncertainties have to be ball-parked but gets access to all form factors

- Lattice QCD (high-g2): B = K complete, B — K* and B, — ¢ ongoing

[see

» FO

1)

the recently completed FLAG 2024 review, 2411.04268]

" resonances (states unstable in QCD, e.g. K* — Kx) one relies on the Lischer

Resonances appear as poles on the unphysical Riemann sheet (Im[k(s)] < 0) wit

scattering amplitude (k(s) is the momentum transfer)

formalism:

N respect to the

AN Im(s) e N Im(s) o 2) Interactions (which are responsible for the appearance of
- resonances) shifts the finite volume discrete energy levels
pound state virtualbound state 3) From the Volume dependence of the energy levels one
Re(s) Re(s) can extract the infinite volume phase shifts and thus the
o E2‘ ’ 4 s resonance parameters [Boyle et al. 2406.19194]
S = cm S = cm »
s = (Mg — iT'/2) 4) The form factors can be calculated once the solution of

the Generalized EigenValue Problem (GEVP) is at hand
|Di Carlo, Erben, Tsang et al, ongoing]

E. Lunghi 23/50
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Non-local Power Corrections

o Power corrections at low-¢* 0 y
b s

» Within SCET, nonlocal matrix elements, like (K| TJS™0, | B), are . >

O 5
expressed in terms of form factors and light cone wave functions up to
unknown subleading non-perturbative functions

» The power suppression ( ~ Agcp/my,) Of these contributions arises dynamically and is very difficult to model

% Parameterize and assume a typical O(10 — 20%) size (with respect to the factorization limit)

# Parameterize and use information at ¢* < 0 and ¢* = m;, to interpolate
Mutke, Hoferichter, Kubis 2406.14608. Gubernari, Reboud, van Dyk, Virto 2305.06301. Gopal, Gubernari 2412.04388.]

e

light-cone OPE q° =0 q* = mjy,

# Direct calculation using lattice-QCD (in O(b) years)
[Frezzotti, Gagliardi, Lubicz, Martinelli, Sachrajda, Sanfilippo, Simula, Tantalo and Silvestrini, in progress]
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Non-local Power Corrections

« The parameterization needs to respect the analytic structure of the non-local form factor.
e Besides poles, we have (I use B — K for reference)

. regular thresholds: s, = (mg + my)? S
’ O OmmuQOu——)>
o subthresholds: sy = (mg +m,)” <s,

« anomalous thresholds associated to triangle diagrams

?Imt

Re t

« How large can these rescattering effects be?

« As large as they need to be to explain observations: 20% of the total amplitude [Ciuchini et al 2022]

. A direct estimate using Heavy Hadron Chiral Perturbation Theory (for the D®DK anc D¥ Dy

vertices) and data (for the BDD{" vertex) finds effects up to 10% with a strong ¢” dependence
[Isidori, Polonsky, Tinari 2405.17551]
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Non-local Power Corrections

. B — Kuu: g* dependence of DD} and DD rescattering [Isidori, Polonsky, Tinari 240517551] Vs
fit results (assuming NP in C9) [Bordone, Isidori, Machler, Tinari 240118007]

0.30

0.30

0.25 A
0.25 A1

0.20 0.20
=
% o1s. —= o015
> )
O ol
ol
010 0.10
0.05
0.05
0.00 -
0.00 -
q? [GeV?]
J
4|
SM
o i { i * i ¥ M 3t e | constant
O 2r } 1 [ constant ® best-fit CMS
1 ® best-fit ® best-fit LHCb
O i
[1.1, 2] [2, 3] [3,4] [4, 5] [5, 6] [6,7] [7, 8] [15,16] [16,17] [17,18] [18,19] [19,20] [20,21] [21,22]
bin ¢? (GeV?) bin ¢* (GeV?)
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Non-local Power Corrections

« Lattice-QCD breakthrough via Spectral Density reconstuction

o Sketch of the mechanism:

H*(qy, q) = i

% <e< AE)«~—

typical size over
which the
amplitude
varies

E. Lunghi

r OO

= lim

" dE

d*x e (K(By) | TI- ()05 ,(0) | BO))

dt eiqot _e—i(E—EK)t p,u(E, é’)

) 2r

EC”V(t,é’)

" dE 1

e—>0 |

N
lim 2 g (€) e "k
e—>0 —1

e—>()

N
lim ) g,(e) e~ CH
n=1

o 2 B —mp—ie

~ N - —ank
- anl gn(e)e

pH(E, q)

r OO dE ~
——e "R pM(E, §)
Jp= 21

euclid

Céluclid(n Cl,q)

(na, g)

27/34

B(py = 0)

D
q K(px)

'Hansen, Meyer, Robaina 17/04.08993]

'Hansen, Lupo, Tantalo 1903.0647/6]

Bailas, Hashimoto, Ishikawa 200111779]

Frezzotti, Gagliardi, Lubicz, Sanfilippo, Simula, Tantalo
2306.07228]

|Frezzotti, Gagliardi, Lubicz, Martinelli, Sachrajda, Sanfilippo,
Simula, Tantalo 2402.03262]
|Frezzotti, Gagliardi, Lubicz, Martinelli, Sachrajda, Sanfilippo,
Simula, Silvestrini 2508.03655]
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Other applications of the Spectral Function technique

. Calculation of charming penguin contributions to BS —> YU U

|Frezzotti, Gagliardi, Lubicz, Martinelli, Sachrajda, Sanfilippo, Simula, Tantalo 2402.03262]

. Long-distance contributions to D mixing: X1, and Y-
di Carlo, Erben, Hansen 2504.16189]

s 0Of,05

MD0—>DO 2 /d4 < 7pD‘T{fH

F12 —

= D07PD|HW(O) (277)45(['[ W)53(P pp)H

E. Lunghi

— )
(As — Aa)? . (A — As) s
4 2 9
\__ )

I

(0] T

A

4

DV = i
}‘ ’pD> 61—I>I(1) 2T w—ED—ie

Lo

28/34

) J¥.(0,7) O

dw  p(w)

w(0) |D°, pp)
Iy =1'qq — 204,
Pl — Fdd — I‘ss

FSS

FO — I‘dd + 2Fds + 1—\ss

» Decomposition in U-spin
multiplets: AU = 2,1,0
» CKM suppression:

| A |11 A = Ag] = 107
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Other applications of the Spectral Function technique

Inclusive DS — X771 [de Santis et al (ETMC + Gambino) 2504.06063, 2504.06064]

Not yet competitive with the exclusive channel for the extraction of | V.|
Assuming SM provides an important test of the OPE in charm decays and information on hadronic matrix
elements that appear at higher power in the HQET inclusive expansion
Mt =8.72(56) x 10~'* GeV

Miat = 0.456(22) GeV

M = 0.227(10) GeV?

[P = 8.31(20) x 10~'* GeV
M = 0.446(7) GeV

M = 0.2245(46) GeV?

q=4d,s

2
\)
/o CLEO |@ BES-III | CLEO+BES-III  [# This work
- e . - Important for cross checking Weak
. " " Annihilation matrix elements extracted from
. . . experimental data
|Gambino Kamenik 1004.0114]
e e o]
i e e 020 02 030

T [GeV] M, [GeV] M, [GeV?]
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Spectroscopy

. |In the last decade more than hundred new exotic states containing charm (mostly) and bottom quarks have

peen discovered
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Spectroscopy

. |In the last decade more than hundred new exotic states containing charm (mostly) and bottom quarks have

peen discovered
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Spectroscopy

. |In the last decade more than hundred new exotic states containing charm (mostly) and bottom quarks have
peen discovered

5
_ Y(4790)
Y(4390) Y(4500)
' Z.(4020)° Z.(4020)° Vido0
R - Z.(3900) ow2(3823)
\
>
O _
Q 3 26 new hadrons at BESIII
7 - N(2570) . eX(2600
S 9X(2370)  \inso0) X(2500) 2480
= 9X(2120) x(2262)°  ®w(2250) X(23%9)
21 ox1870) @X(1840) n,(1855)Ag o0
! a,(1817)”
2012 2014 2016 2018 2020 2022

Date of arXiv submission

E. Lunghi 32/34 21st Rencontres du Vietham



Spectroscopy

- Multi quark systems can be described using B N
lattice QCD and phenomenological o '
1.50 - Lo (370 @] X<0(4300)
approaches
- Currently these two strategies are seen as xao _
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|HUsken, Norella, Polyakov 2410.06923]

E. Lunghi 33/34 21st Rencontres du Vietham



Spectroscopy: many concepts (not mutually exclusive)

« Compact multiquark states

Two quarks in d 3 state B3R 3 = 3 @ 6) attract each other and behave like an antiquark. In this view tetra-

and penta-quarks can be seen as [g,9,11G394] and [q,9,1193941G5 configurations

« Molecular picture
Exotic states seen as systems of two color-neutral objects (meson-meson, meson-baryon) which interact via
nuclear forces (pion exchanges, contact terms, ...)

e Hadroquarkonium

Exotic states with two heavy quarks, are thought as a color-singlet cc or bb state surrounded by a light quark
cloud (like regular heavy mesons). This would explain why some exotics decay preferentially to quarkonium

 Hybrid mesons and glueballs
Focus on |ggg], [gg] and |ggg] structures

 Fake resonances
't has been proposed that two-body thresholds and the presence of triangle diagram singularities (which are
oroduction process dependent) might be able to fake a resonant peak
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