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Charmed hadrons : mesons and baryons

SU(4) weight diagrams for mesons SU(4) multiplets of baryons composed of
composed of u,d,s,c quarks u,d,s,c quarks

AT 4
ddd g t———

uuli’fS-Z

Hyper-charge Y=S+ C+ B+ T+ B’, Gell-Mann&Nishijima: Y =2(Q — I3)
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Valeriia : Who is missing ?




Valeriia : Who is missing ?

Mesons and baryons containing b-quarks !




Valeriia : Who is missing ?

Mesons and baryons containing b-quarks !

Also t-quark ?




Valeriia : Who is missing ?

Mesons and baryons containing b-quarks !
Also t-quark ? NO

Who else ?




Charmed hadrons : mesons and bary—

Valeriia : Who is missing ?

Mesons and baryons containing b-quarks !
Also t-quark ?

Who else ?

Zoological / botanic approach : we observe -> we take into account ?
Predictive (in previous lectures) for charm and beauty mesons and baryons
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Valeriia : colour SU(3)

The colour

The symmetry of the fundamental states is problematic in some cases

+

For example : A* Jng uTuTu?

Is described by a symmetric wave function.

However, the Pauli’'s exclusion principle imposes the wave function to be anti-symmetric
when exchanging identical fermions.

(the combination of 3 identical fermions is forbidden)

In addition, why do we only have in Nature

49,95 »  9,9,9; > %52

And not _
.49, » 4,9,
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= Hypothesis for a quantum number:
the colour
Quarks carry a colour-charge:

Red , Blue or Green

In this case the A™ is: Uy, T Ug T u T
The problem has disappeared:
the quarks are not anymore identical

But how to describe the proton:

UsUgds, UsUsdg, Ugusdg, ... ?

=» Hypothesis: all observed particles are « colourless »
(combination of the 3 colours, or colour-anticolour) :

Yy ©TI©
I [l
| O
+ O W

+BB

I
0
A |
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A (g state carries colour :

Jr0c, 9r0g, --- =2 (g does not exist
Three colours = symmetry colour-SU(3)

Y = W(X)Zspin)(colour colour =R,G,B

By analogy with flavour-SU(3) (same group):

define in an ad hoc way that the colour states correspond to a pair of values (YC,15°).

Quarks Anti-quarks

I 3C YC I 3C YC
R 1/2 1/3 -1/2 -1/3
G -1/2 1/3 1/2 -1/3
B O -2/3 0 2/3
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Quark states

Confinement hypothesis (the fact that we do not see coloured particles): Y¢=1,=0
What are the consequences of this hypothesis ?
Let's take the particle qmd” made of m quarks and n anti-quarks,

restricting to m > n.

In terms of colour (r* means that there is o red quarks):

=7

r“o’b’r g b
And then : M=a+/+y > N=a+/[+y

Using the values of Y¢ and 1;¢, the condition Y© = 1,¢= 0 is written as :

|§:(a_&)_( _ ):O for the gq™qn particle
2 - 2 )
) (1) o)
3 3 3
Sa-a=f-f=y-y=p (p20)
m-n=3p
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The only allowed combinations are thus:

—nN

a°"q =9°q"q" =(30)"(qq)"
The states can be classified as:
Alowed:  4qd, qq
Forbidden by confinement: qgq, 9qd, ggqq r':';)(;‘r'gr‘]fger charge
Other possible states: qqaa, qqqqa

-ntional states -0-18/07/2026




Non-conventional quark states

O Non-conventional quark states thought from the origin of quark model

Volume 8, number 3 PHYSICS

LETTERS 1 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS

-

M. GELL-MANN
California Institule of Technology, Pasadena, California
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If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "'eightfold way"' 1-3 , we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical ""bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in same
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

-entional states

ber ny - ng would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 7 and

z = -1, so that the four particles d~, s~, u® and b°
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, 2 = -7, and baryon number 3.
We then refer to the members ui, d-3, and s-3 of

ar= ] MATs "6 [} als eIl anls (] al=

anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
(qaq), (qggqq), etc., while mesons are made out
of (qd), (qgddq), etc. It is assuming that the lowest
baryon configuration (gqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (gq) similarly gives
just 1 and 8,

-0-18/07/2026




Non-conventional quark states

O Non-conventional quark states thought from the origin of quark model

AN 503 MODEL FOR STRONG INTERACTICN SYMMETRY AND ITS BREAKING

*
IT )_

)
G, Zweig

CERl—~=Geneva

6)

In general, we would expect that taryons are built not only Irox the rreduct

of three aces, AAA, but alsc from 'Ehaaa, AAAAMAA, etc,, where A

denoctes an anti-ace, Similarly, mescns could te formed from AA, AAAA

etc, For the low mass mescns and baryons we will assume the simplest

possibilities, JE& and AAA, that is, "deuces and treys”,

]

*) Version I-is CERN preprint g182/TH, 401, Jan. 17, 1964.

) | Air Porce Office
®his work was supported by the TU.S. Tr
" of Scientific Research and the National Academy
of Sciences - Naticnal Research Council.

8419/TH, 412
21 Pebruary 1964
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O How the non-conventional quark states can be arranged internally ?




Non-conventional quark states

O Non-conventional quark states

O Multiquark color singlet states

0 gqqq : tetraquarks as compact diquark-antidiquark systems and molecular bound
states of two mesons

QO qggqq : tetraquarks as compact diquark-antidiquark systems and molecular bound
states of two mesons

O qqgqqq : six-quark and baryonium bound states of two baryons
O Self-coupling of gluons in QCD =>» additional mesons

O bound gluons (glueballs)

QA qg-pairs and an excited gluon (hybrids)

O Light systems

O Heavy-light systems

EI[ Heavy-heavy systems ]

—> Accurate prediction of charmonium spectrum

: > Narrow states if below DD or DD* threshold
Non-conventional states 16
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O Charmonium(-like) states
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O Charmonium(-like) states
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x(z872) at selle G

O First discovery, Belle experiment 2003 : X(3872)




X(3872) at Belle
O First discovery, Belle experiment 2003 : X(3872)

O Belle experiment : asymmetric B-factory

Belle I E 8%
4

High Energy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel

" Js=10.58 GeVv _ _
e e- §4 ........... ;g
—— Y(4S) - veasy = =

BaBar p(e™)=9 Gev p(e*)=3.1 GeV By=0.56

Belle p(e™)=8 Gev p(e*)=3.5 GeVv By=0.42
_Non-conventional states Suceava, 10-18/07/2026




X(3872) at Belle
O First discovery, Belle experiment 2003 : X(3872)

O Belle experiment : asymmetric B-factory

Belle I E 8%
4

High Energy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel

" Js=10.58 GeVv _ _
e e- §4 ........... ;g
—— Y(4S) - veasy = =

BaBar p(e™)=9 Gev p(e*)=3.1 GeV By=0.56

’—\

~
Belle p(e™)=8 Gev p(e*)=3.5 GeVv /\By=0.42 _ Why ?




X(3872) at Belle
First discovery, Belle experiment 2003 : X(3872)

U O

Belle experiment : asymmetric B-factory

0 Asymmetric B factories: two beams have different energies so that c.m.s. is
moving with velocity 8

O Decay point/vertex of a B (a crossing of extrapolated particle tracks) is
measured with a finite precision o(z)

Q Choice of boost By +,.--*° ;
BT g E *
0 Compromise between : E S -:
P S -
: o .. * At=Az/vBy *
Flight length = lifetime precision kY /By i
& P ¥

Vertex position precision - multiple scattering in beam pipe (+ asymmetry
of tracks .... which vertex ?)

Non-conventional states Suceava, 10-18/07/2026
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U O

a
a

thickness, X, radiation length of the material) /
Typical two-body topology: decay products at 90° in cms; r
at 0 = atan(1/By) in the laboratory frame Z 6
0,=13.6 MeV/p (d/X,sin 8) /2 c.m.s. lab
% Y
0(z) = 04(dz/dB) =, 04/ SIN? 6 g |
_—5
> 0(2) ~ 1y (d/X,)Y?/sin>2 6 Byp*

X(3872) at Belle
First discovery, Belle experiment 2003 : X(3872)

Belle experiment : asymmetric B-factory

Choice of boost By: flight length vs. vertex resolution
Typical B flight length: zg= ByTc

Assume: vertex resolution determined by multiple
scattering in the beam pipe wall at r, (d: beam pipe

Non-conventional states Suceava, 10-18/07/2026
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X(3872) at Belle
O First discovery, Belle experiment 2003 : X(3872)

O Belle experiment : asymmetric B-factory

0 Maximize the ratio between the average flight

length ByTtc and the vertex resolution o(z)

d o(z) ~ry/sin®286 with 8 = atan(1/By)

Q Byrc/ o(z) ~ (1/ry) ByTC Sin®2 0

= (1/ry) ByTc sin®2 (atan(1/By)) —
0 Maximum at By = 0.8

Non-conventional states Suceava, 10-18/07/2026
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X(3872) at Belle
O First discovery, Belle experiment 2003 : X(3872)

O Belle experiment : asymmetric B-factory

O Maximize the ratio between the average flight

path Byrc and the vertex resolution o(z)

d o(z) ~ry/sin®286 with 8 = atan(1/By)

Q Byrc/ o(z) ~ (1/ry) ByTC Sin®2 0
= (1/ry) ByTc sin®2 (atan(1/By)) —

’\

O Maximum z(By =0.8 \
N

Other arguments ?

Non-conventional states Suceava, 10-18/07/2026
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X(3872) at Belle
O First discovery, Belle experiment 2003 : X(3872)

O Belle experiment : asymmetric B-factory

More arguments for a smaller boost:

U Larger boost - smaller acceptance (particles escape detection in the boosted direction in
the region around the beam pipe)

cms lab

O Larger boost = more asymmetric detector

Detector shape: symmetric for symmetric energy beams;
extended in the boost direction for an asymmetric collider.
Exaggerated plot: in reality By=0.5

O Larger boost = it becomes hard to damp the betatron oscillations of the low energy beam:
less synchrotron radiation at fixed ring radius

O More Touschek (intra-beam) scattering for a lower energy beam

0 Choose By =0.42

-Jnventional states



X@s72)atBelle

O First discovery, Belle experiment 2003 : X(3872)

Q Discovery inthe decay B* — K*ntn—.J /1 reconstructed in Belle detector

Belle Detector

. Aerogel Cherenkov cnt.
SC solenoid /‘?\ N e n=1.015~1.030
1.5T :p N I32eed,

‘*4

<A N L e .
CsI(T1) ].A\ I 50y ¢
16X0 \_\ \\fv‘? (g:". .\ ‘ o

TOF counter — “""‘\ ""’ / — B

N b b
"

Si vtx. det. p /'K; detection
3/4 lyr. DSSD 14/15 lyr. RPC+Fe




Intermezz0 on request of Maxim : few words on Cherenkov detectors




Cherenkov radiation detectors _

O Charged particles ID over a range of momentum few hundred MeV/c - several hundred GeV/c

O A charged particle with velocity B=v/c greater than local velocity of light in a medium with
refractive index n=n(A) may emit light along a conical wave front.

cos 9,,,, = 1/n

1
[ The angle of emission:  COS®. = ——
IB' n Bmin =1/n

Radiator
+

Photon detector

=» Particle ID :

Threshold (detect Cherenkov light)

and
Imaging (measure Cherenkov angle) techniques

-wentional states s- 10-18/07/2026




60.0 GeV/c
K =
threshold
n I
1.000035

He
O max |

0.5




Threshold Cherenkov Detector: exampl_

To get a wider momentum range for particle identification, use more than one
radiator.

Assume
A radiator: n =1.0024

Positive particle identification:

p threshold A

]

A L=
[ — threshold A

O | O 20 30 40 50

K threshold A

Momentum (GeV/c)

SURBRANIG-16/07/2026
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Imaging Cherenkov Detector

1 2
COSO = — Am Ap 2
LN — m:£=p\/n2(:08290—1 m:\/(j +(7,2.tg9.A<9)
_ P Py P
% o,
ZiAé?i =0, =
N p.e.
= minimize o, low chromaticity Goal: detect the maximum
= maximize N . } h'_gh gra”‘_“a”ty | nl_meer of photons |
P- high packing density with the best angular resolution

set:
n=1.333 (H,0) —

Ap/p?2  5*10™
JA\S) 15 mrad
L 1cm

Non-conventional states

6
Bmln - O 75

nax = 41.4°

Particle mass (GeVY

1o bands

ummmmm N

19

S Ll

H

| 2 4 5

Momentum (Gev/c)
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Imaging technique: measure Cherenkov radiation angle

Separation power:
0,-6,=no,

L Separating K and T, illustration from a _
test beam | , Test beam

d ~ Gaussian response, a5 ~ 0.7 mrad
Peaks are separated by 4 mrad = 6 gy
Generally: Ny, = [m,?2—m.,?|

2 p2 0y Vn2-1
O Adjusting the position of the cut placed

between the two peaks to identify a
candidate as K or 1 gives a trade-off

entries / 0.1 mrad

between efficiency and misidentification
Cherenkov Angle (rad)

L The overall resolution determines how high in momentum particles can be distinguished,

since the increase in Cherenkov angle saturates, so the radius for different mass
hypotheses get closer together

Non-conventional states Suceava, 10-18/07/2026
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Adjust precisely the value of refractive index n: Silica aerogels with different n (1.007 - 1.13)

Aerogel with layers of different n attached directly at molecular level

26mm

Aerogel is a manufactured material with the lowest density of any known
solid.

Derived from a gel in which the liquid component of the gel has been
replaced with a gas.

.-conventional states Suc.a, 10-18/07/2026




Aerogel RICH for SuperBelle (R&D)_

O Aerogel with multiple refractive indices increases Nph without degrading angular resolution

“focusing” configuration n1<n2

Ny | N2 ny<ny

|
2+2cm | [

“defocusing” configuration n1>n2

nqy| No ny{>nNy

|
I~

|

2+2cm

=

4000

2000

4000

2000

0

L X'/ ndf 1095. / 116
Pl 7289.
P2 n 0.3074
P3 0.1428E-01
P4 74.49
P5 884.4
nf=7.46
B nb= 0.83

_—

0.3

04 0.5

0 (rad)
X'/ ndf 261.9 / 106
PI 4591.
P2 n 0.2154
5 P3 0.1161E-01
P4 1843,
Ps 0.3238
P6 0.1299E-01
P7 18.08
I P8 A 1563.
nfl=4.18
nf2=1.88
1 A 1 1
0 0.1 0.2 0.3 04 0.5
0 (rad)

theta cerenkov

ty(rad)

ty(rad)

04

0.2

-0.2

-04

04

o}

-0.2

-04

SUCRRANi0 1810712075

-0.4

0.2 04
tx(rad)

1 L L 1

0.2 04
tx(rad)
ring in cerenkov space




Aerogel RICH for SuperBelle (R&D) _

O Aerogel with multiple refractive indices increases Nph without degrading angular resolution

“focusing” configuration n1<n2

ny | N2 ni<ny

| —]
2+2cm | [

“defocusing” configuration n1>n2

Ny | N2 n{>nNs

|
I~

|

2+2cm

Q: Which configuration is better ?

-tional states

8000

4000

2000 §

4000

2000

0

L X'/ ndf 1095. / 116
Pl 7289.
P2 n 0.3074
P3 0.1428E-01
P4 74.49
P5 884.4
nf=7.46
nb= 0.83

_—

0 0.1 0.2 0.3 04 0.5
0 (rad)

X'/ ndf 261.9 / 106

Pl 4591.

P2 ﬁ 0.2154

i P3 0.1161E-01

P4 1843.

P5 0.3238

P6 0.1299E-01

P7 18.08

I P8 A 1563.
nfl=4.18 u L

04 0.5
0 (rad)

theta cerenkoy

ty(rad)

ty(rad)

04

02 B

-04

04

ok

-04

SRR 1510712026

O (R RN S 1

-0.4

-0.2 0 0.2 04

tx(rad)

0.2 0 0.2 04
tx(rad)
ring in cerenkov space




O Non-conventional quark states, first discovery, Belle experiment : X(3872)
PRL 91, 262001 (2003)

X(3872) at Belle

Q Study BT — KE¥rtr—J/y

IS B
I Y — wrr=J /]
300 - -
AE = E$M — EEM i DD )
200 |- oD _'
Mye = \/(EE)? — (032 ' ‘ ‘ :
100 |- -
i X (3872) )
oL », M GeV
040 0.80 120

AM = M(mta0H0—) — M(£T¢7)

350 375 4.00 4.25

O Measure M(ntn=J/y)

B(B+ — K+X(3872)) x B(X(3872) — ntn—J /1)
B(Bt — Kt') x By — mrm—J /)

SEERAN6- 1810712075
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X(3872) at Belle

O First discovery, Belle experiment : X(3872)

B - K*fntn—J/y PRL 91, 262001 (2003)
— 'CM 2 _ (..CM\2 AL — CM CM
*“'[bc — \/( Ebea.m) (j']fﬁ ) AL = E Ebeam
~45 -~ [ - L
> 3350 >t
v e o
s 230t =
£ s | 220~
930 Sas5[- s [
25 _ sob- 151
20 :
) 1 | | +
10 ‘
5 F
DIIIIIIIIIIII 11 I& 0:|||||||||||||Iilll |||||||||||||||||
5.2 5.21 522 5.23 5.24 5.25 526 5.27 5.28 5.29 5.3 382 384 386 388 39  3.92 . 0.05 01 015 0.2
M, (GeV) M(J/ y 7im) (GeV) AE (GeV)

My = MiEess — M5eas 4 MPPS = 3872.0 4 0.6 + 0.5 MeV

Quantity Y region M = 3872 MeV region

Signal events 489 + 23 35.7 £ 6.8

MTERS m peak| 3685.5 £ 0.2 MeV 3871.5 &£ 0.6 MeV

ONx+m—J /1 3.3 £ 0.2 MeV 2.5+ 0.5 MeV > Consistent with detector resolution
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X(3872) at Belle

O First discovery, Belle experiment : X(3872)

B - K*fntn—J/y PRL 91, 262001 (2003)
— 'CM 2 _ (,,CM)\2 AL — CM _ o CM
*"'[bc — \/( bea.m) (1]"]}3 ) AL = EB beam
2 o s !
osf @) 3355_ b) o®r ¢©
S Sul : |
2 PRl 220
S 301 o 25[- e [
252_ | 203_ 15:—
2o 155— :
1 | 1
C 10% i
10[= n
NI I &||g“ |||;i Cl L

1111 | 11 1 1 1 1
5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3 3.82  3.34 3.86 3.88 3.9 3.92 1 005 01 015 02
M, (GeV) M{J/ y 7} (GeV) AE (GeV)

My = MY — M7 + M)P¢ = 3872.0 £ 0.6 £ 0.5 MeV

B(Bt —» KT X(3872)) x B(X(3872) — wtn—J/v)
B(B+ — K+¢') x By — ntn—J/1))

— 0.063 + 0.012(stat) + 0.007(syst)

Non-conventional states Suceava, 10-18/07/2026
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X(3872) at Belle

O First discovery, Belle experiment : X(3872)

B - K*fntn—J/y

Q 3D., 2 VX, : allowed E1 transition

PRL 91, 262001 (2003)

Q Prediction: T'(*D. — xe1) > 5 X I'(*Day — 777 J/2))

Eichten, Lane, Quigg, PRL 89 (2002) 162002; Ko, Lee, Song, PLB 395 (1997) 107; Yuan, Qiao, Chao, PRD 56 (1997) 329

Events / ( 0.004 GeV )
&

o I|IIH|IIH‘IIII‘HII|IHllllH‘II

21 522 523 524 525 525 527 528 52
b(GeV)

Events / ( 0.005 GeV )

R T T T 524”525"ézé"éﬂ"'ézé”szs e

[(X(3872) = vvea)
(X (3872) — nto—J /)

Non-conventional states

< 0.89

Events /( 0.008 GeV )

Events / (0.01 GeV )

T T I T T S B S R L L L L .
95 36 562 564 366 368 37 572 374 378
M(7tea) [GeV)

X (3872)

T T[T
)—é—l

378 3.8 582 584 586 388 39 3852 394
M(7teq) (GeV)

(90% CL) - Contradicts the 3D, interpretation
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X(3872) at Belle

O First discovery, Belle experiment : X(3872)

B - K*fntn—J/y PRL 91, 262001 (2003)

0 Mass of X(3872) > M_,, (13D,;) from potential models

cog (
Q M, (13D;) = 3810 MeV
Eichten, Gottfried, Kinoshita, Lane, Yan, PRD 21 (1980) 203 and Buchm'uller, Tye, PRD 24 (1981) 132

d Mo (1°D,) = 3840 MeV but also M., (1°D,) = 3820 MeV (higher than observed value
of 3770 MeV). Identification as 3D, state would imply a 3D, - 3D, splitting of ~100 MeV

Godfrey, Isgur, PRD 32 (1985) 189
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x(z872) at Lrich

O X(3872), later studies, LHCb experiment
B - K*fntn—J/y




LHCb - single-arm forward spectrometer, 10-250 mrad (V), 10-300_
TRACAJKING PARTICLE ID

JINST 8 (2013) P08002, INT.J.MOD.PHYS.A30 (2015) 1530022
y | / RICH counters Calorimeters M4 M5
/ p/K/tr Identification v\ M3 250 mrad
o —/ Magnet mL Ak
yi, = TaffricH2 | FCAL .\
/ ) Ml
[ ] | PR 2l
7 }( h L _— TI N\ A Y
| IRICH1 = N
..... = ",\ s . '
Vertex = 2 1 ) %
Locato Bl \Omrad
: SIS \ R
VErtex| ; L = L LY
LOcator /“ ‘ N\ NN
i CL 1.1 1 1 Muon
—5m | @Cl('lg l System
— e [ 3 I -
[N N N SN SN NN (N SN S S — 1 >
Sm 10m 20m z
Vertex reconstruction: Kinematics: Magnet, PID: RICHSs,
VELO

Trigger: Muon,
Tracker, Calorimeters

Calorimeters, Muon Calorimeters, Tracker

O Heavy flavour production at LHC: prolific, forward peaked & correlated
4 LHCb ~4% of solid angle, but ~40% of HF production x-section

3



Vertex reconstruction in LHCb: VErtex LOcator

JINST 8 (2013) P08002, JINST 9 (2014) P0O9007

™ U 88 semi-circular microstrip Si sensors
U Double-sided, R and ¢ layout

0 300 um thick n-on-n sensors, strip pitches
from 40 to 120 pm

O First active strip at 8 mm from beam axis

| 1m |
| |

& sensor o
cross section at y=0 ) )
L NI \ bl
O Excellent spatial resolution, down to 4 um
for single tracks — B} —» D;n" — B} — B} — D;m" — Untagged

U Precise impact parameter measurement,
Op = 11.6 + 23.4/pT [um]

U Precise primary vertex reconstruction,
O,y =13 um, g, = 69 pum for vertex of 25 tracks

O Excellent proper time resolution

O Vertex resolution allows to resolve fast (x~27)
BB oscillations Nat. Phys. 18 (2022) 1
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Charmonium production vertex

Prompt production (hadroproduction

: Production in b-hadron decays
or decays of higher resonances) VErsus

production at pp-collision vertex production at displaced vertex

Wy

distinguished via pseudo-proper decay time

_ Zsv—Zpv B — ﬂ -

PV — primary vertex
SV — secondary vertex

Non-conventional states Suceava, 10-18/07/2026
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X(3872) at LHCb

O X(3872), later studies, LHCb experiment

B:I: N K:E?T—I-,ﬂ.— J/d) PRL 110 (2013) 222001
PRD 92 (2015) 011102

Q From angular correlations in the decay chain BT — X (3872)K "
with X (3872) — pJ/, p¥ = 77, J/ — ptp
X(3872) : JPC = 1++

O Matches 23P, excited charmonium

PRD 131 (2023) L011103

BT — KEnta—J/y N _ 5

2 1600 |- LHCb >
= 1400 907 >
ok - <
»31200:_ —o— data g
£ 1000 |- Z
= - — total fit g
5 800 S
= - === y (3872 !
= 600|- 243878 F 1 sim mee? |, IMeV]
O 400F background

ZOUW .

0 . e ‘."' _ .
3800 3850 3900 3950
m.. 4 [MeV]
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X(3872) at LHCb

Q X(3872) : later studies PRD 131 (2023) L011103
B Kt ] >1600f LHCb S 4
— T /d) 21400:_ 9 b E
e . o
%12002_ —o— data ks
G100 oial fit E
S 800| O
E 600 IEFECC N & ot IMeV]
O 400 background
i Pl s e Lerd | 200: ’: :‘
Q The decay X (3872) — ntn~=.J/¢ was assumed oF e Lt N

) = A L ) i i
3800 3850 3900 3950

to proceed via X (3872) — pY.J /v m_._ . [MeV]

—
Q J/v —isosinglet
O Non-observation of X (3872) — '?T[]?T{}J/L{'ﬁ, > 7wt~ — isovector (?)
0O Non-observation of the X(3872) charged partner via X (3872) — p J/4
- X(3872) — isosinglet
> X(3872) — p"J/¢ —isospin violating decay

O Isospin violating charmonium decays highly suppressed — important to quantify
the isospin violation
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X(3872) at LHCb

Q X(3872) : later studies PRD 131 (2023) L011103

B - K*ntn—J/y

400

= 400 ———
:>_ | | I 1
2 350 % 350 LHCb -.
2 2 9 f‘b—l + .
© 300 w300 -
v 250 P 250 —-data E
> > - =
3 o — total fit £
o 200 g 200 ;
Q — p? ~79% :
= 150 2 5 p :
! W ~2% I
1o 100F ... p%-w interference~19%e#* g
50 50 d ,
0 L 1 L 'l I Il 1 L 1 ' L ] l ] '} L d 0 - . i | - § & = ---:...‘l.".t'.--l...'I-..-I_.-.:-'.:-’.I.-- i i i
400 500 600 700 200 500 600 700
m_._ [MeV] m_._ [MeV]
xc1(3872)—pO I/
XA GST 2P0 — (0.29 4+ 0.04
O Isospin-violating / isospin-conserving couplings Gxc1(3872)—w I/

Iy 28)=>mI () 045 & 0.001
G (28)—nJfb

? Isospin violation vs isospin conservation ?
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X(3872) at LHCb

Q X(3872) : later studies

O Observed quantum numbers, mass and decays do not match the pure charmonium
hypothesis

O Large isospin violation

0 I e bvaaties

O Naturally expected for interpretations with a significant DD* component, either as a
molecule or generated dynamically in the decay. Proximity of the X(3872) mass to
the DOD*? threshold, enhances D°D*° over (8 MeV) heavier D*D*-

O Appears in compact tetraquark models, where two neutral degenerate states mix

Non-conventional states Suceava, 10-18/07/2026
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Multiplicity dependent production of xc1(3_

O Multiple explanations of x.,(3872)

Compact

(-

N tetraquark/ventaquark adronic Molecules _
Nerad P PLB 590 209 (2004) (i \&
_ PRD 77 014029 (2008)
Tightly bound via color PRD 100 0115029(R) (2019) Very small binding energy

Exchange between diquarks
Small radius: ~1fm

Very large radius: ~ O(10 fm)

Diquark-diquark

PRD 71, 014028 (2005)

PLB 662 424 (2008)
Hadrocharmonium/

o adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)

Two light quarks orbit
a charmmonium core

Sum of D? and D*? masses
" bounded via pion exchange

Matt Durham, Quark Matter 2019

O Probe size!




Multiplicity dependent production of x.,(3872) and @(2S)

U Prompt production

O x.,(3872) produced at collision vertex can be subject to further interactions with co-
moving particles produced in the event

O Interact with other produced particles with break-up cross section
0 Assume no interaction at low multiplicity region
O Production in b-decays
U Hadrons from b-decays originate away from the primary vertex, decays in vacuum
O x.,(3872) from b-decays not subject to further interactions
- Control sample

U High-multiplicity pp collisions plausibly emulate a hadronic environment that approaches
heavy ion collisions in many respects

O High-multiplicity pp collisions

O Provide a testing ground for final state effects observed on quarkonium in pA and AA
d Provide new constraints on the structure of x.,(3872)
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Validation : o(@(2S))/o(J/y) depending on multiplicity in pp collisions at vs =13 TeV

O Relative production ratio measurement

QO Distinguish prompt and b-decay

production

O Multiplicity variable: number of VELO

tracks for a PV

= 1.4 a L L
< 13F : LHCb pp Vs=13TeV -
c 1.2F =
g 1af @ =
= - -
g 1 I S — R oo L
Z 0.9F . -

C m -
0.8 E + prompt IH—:
0.7 g —+ non-prompt _E

"7 E[L) co-mover model 3
0.6 C_ 1 " L 1 L 1 " L 1 L 1 1 -

0 1 2 PV v
Ntracks/< tracks> NB

Candidates / 0.2ps

Candidates / 0.2ps

<,

10° F

E Fit for Iy
[+ data

? — total fit
o Z2 prompt

= - - - background

non-prompt
wrong PV

13 TeV

LHCh {s=

10°

L Fit for w(28)

—+data

F —total fit
[ 7 prompt

102

non-prompt
wrong PV

[ ---background

O b-hadron decays: little dependence on multiplicity

LHCb Vs=13TeV

O Prompt production: evident decrease of ratio with multiplicity

Candidates / (2.4 MeV/c?)

140
120

éll

80F
[ ---background

40F
20

JHEP 05 (2024) 243

F T
F Fit for iy
F- 4 data

. — total fit
E 7/ prompt
non-prompt
wrong PV

E -- - background

Pl A
3050

LHCb (s=13TeV 3

e

3100 3150 3200

My [MeV/c2]
| B S B B R R R B 7]

Fit fur Wyi(2S)
- data i LHCb Vs=13TeV E
— total fit =
- 7/ prompt B
[ " non-prompt ]

wrong PV

Pl
3600

O Agreement with the comovers model predictions and previous measurements

Non-conventional states
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Multiplicity dependent production of x.,(3872) and @(2S)

PRL 126 (2021) 092001
Q If x.,(3872) is a hadronic molecule, then expect Vs = 8 TeV, [Ldt ~2 fbL

small binding energy, 0.01 £ 0.27 MeV,

. < 10000 . LHCb .
and large radius ~7 fm S  F weS)| bp VS =8 TeV
9000 G s
= s | X:2(3872)
8000F- = #
= 7000E ¥ 8 i
S.Coito, G.Rupp, E.van Beveren, EPJC 73 (2013) 2351 ) = Z b t ity 'W
N.A.Tornqvist, PLB 590 (2004) 209 2L cooob ol M W{M +
E.Braaten, M.Kusunoki, PRD 71 (2005) 074005 - = ” i M}Hiﬁd
M.Cardoso, G.Rupp, E.van Beveren, EPJC 75 (2015) 26 L 9000 T TH TR |
40002_ ', Mdtlmamﬂ
- v 4 *y,
3000 V. Mﬁw‘SW“
- ; : 7
s e
1000—_I 1 | | 1 1 1 | 1 | | 1 I | | 1 1 | 1 1 1 1 | 1 1 | | I 1 | 1 1
. - 3650 3700 3750 3800 3850 3900 3950
< oo LHCD @ iwELHCD MeV/
— ‘pp (s=8TeV pp Vs=8TeV )
%1200 ‘ % o I'l — Total fit J‘W”T ( Evic )
S | rompt signa
E 'IDOO—BO-: VELO < 80 ?1 9 = H P P gnal
. [P, >5Gevm B ol | u . .. .
S i ( § : ‘I swonmo g | Pseudo proper-time to distinguish
B 600; } E oE ) Py > 8 Gevie prompt and b-decay components
t a00F : . , .
L] ET’MW 0g f 8 iy d Measure ratios, X.,(3872) and g(25S),
DT || il for prompt and b-decay components

3640 3660 3680 3700 3720

M MeV/c?)

waf(
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Multiplicity dependent production of x.,(3872) and @(2S)

. g [LHcb pp s =8 TeV
O The prompt fraction decreases as the event 5 B 4y (3872)
activity increases, for both x.,(3872) and y(2S) - + c1
08 —+— +yY(2S)
4 +
0.8 -
L ——
L —
0.7 *i—#—
B '
0.6 p,>5 GeVic
R R VR R 1R T R P BT R TR
NVELO
L Possible reasons: tracks

Q Larger average multiplicity of events with bb due to their fragmentation into hadrons and
subsequent decays - larger b-decay component in events with high multiplicity

O Suppression of prompt x.,(3872) and @(2S) production via interactions with other
particles produced at the vertex - reduced prompt production in high multiplicity
events, production in b decays not affected
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Multiplicity dependent production of x.,(3872) and @(2S)

O Ratio of cross-sections, ¥.,(3872) and p(2S), for prompt and b-decay production

I T 1 . T I 1 ] Ll 1 ]

& = %% LHCb - i
*§ }'\‘ C pp \s=8TeV 4+ Prompt 4 b decays «
S| °“PF p >5Gevic | | E . .
N NN ik Comover Interaction Model, Esposito eral. 4 W Comover interaction model
= Molecule Compact g Molecule by Espacito et al., arXiv:
§ (’(é o :_—?}‘ (coalescence) tetraquark '(geometric) _: 2006.1504 4, favours the
E;-t § - — 1  compact tetraquark
= M 0.06 — i % — scenario
Sz oo ‘#— I d Atweakeql model by Braaten
e e 1 etal, arXiv: 2012.13499,
o 002 = g suggests the xc1(3872) is a
R VI PP S 4 charm-meson molecule
0 50 100 150 201
NVELO

tracks

O Evidence for relative x.,(3872) suppression for high-multiplicity events

O Expected in a scenario of interactions with co-moving hadrons dissociating large weakly

bound x.,(3872) against compact y(2S)

O Cross-check: production in b-decays
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X(3872) at LHCb

O X(3872), LHCb experiment, more studies
JHEP 11 (2024) 121
0 Radiative decays of Xc1(3872): Xc1(3872) — J/by, Xe1(3872) — W(2S)y

Sample from BT — (x1(3872) = Py) K*

L Measure

p I'ye1 (3872)50(25)y
Py r




X(3872) at LHCD

O X(3872), LHCb experiment, more studies

d Predictions on the ratio
JHEP 11 (2024) 121

Reference Ry
T. Barnes and S. Godfrey 67] 5.8 cc
T. Barnes, S. Godfrey and S. Swanson 69] 2.6 cc
F. De Fazio 84]  (1.6440.25) cc
B.-Q. Li and K. T. Chao 35) 1.3 T
Y. Dong et al. 36) 1.3—5.8 cc
A. M. Badalian et al. 87 (0.8 £0.2) cc
J. Ferretti, G. Galata and E. Santopinto 38] 6.4 cc
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker [89) 2.4 cc
W. J. Deng et al. 90] 1.3 cc
F. Giacosa, M. Piotrowska and S. Goito 71] 5.4 cc/ve
E. S. Swanson 81 0.38% DD*
Y. Dong et al. 86 0.33 % DD*
D. P. Rathaud and A. K. Rai 91 0.25 DD*
B. Grinstein, L. Maiani and A. D. Polosa @ 3.6% DD*
F.-K. Guo et al. 82 0.21(g%/g2)* DD*
D. A.-S. Molnar, R. F. Luiz and R. Higa 83 2 — 10 DD*
P. G. Ortega et al. 93 1.2 DD*
E. Cincioglu et al. 94 <4 DD*
S. Takecuchi, M. Takizawa and K. Shimizu 95 1.1-34 DD*
R. F. Lebed and S. R. Martinez 96 0.33% DD*
B. Grinstein, L. Maiani and A. D. Polosa @] > (0.9578:07) ceqq
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X(3872) at LHCb

O X(3872), LHCb experiment, more studies

—
b2
L=

—
+ =)} oo =
= = = =

I|III|IIIIIIIIIIIIIII

Candidates,/ (10 MeV/c?)
[
=]

| O+

Data

Bt — xc1 (3872)K+
B— P(28)KTX
Combinatorial

Total

5.1

52 5
T (28)yK+ [GCV/CQ]

" LHCb
9fh !

I|..III|III|IIIIllIIIII

5.3 54

2.4r
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o b o

<
.

ot erbet

e

et e
et e

IDa.ta |

Bt — xa1 (3872)1{"—
B— JAbX
Xe1(3872)K+
Combinatorial

Total

~ LHCb ;
9fb"

-entional states

JHEP 11 (2024) 121

. 120——————
L - 4 Data LHCb .
E‘g 100F [ B+ — x1(3872)K+ 9fh ! -
= C L] B P(29)KTX i
o 80K __  Combinatorial ]
= - Total i
o 60F ora + -
Z N ++ §
S 40f J :
"g B i
S 200 ¥ .
e B
0 L "l 1 =l 1
3.75 3.84 3.93 4.02
M (28)y [GeV/e?]
o T L
c}f\ "I 4 Data LHCD ]
E I 0 BY — xa (3872)K+ 9fh ! -
= L[] B=JaXx ]
o - + -
i 08_ —— Xc1(3872)K ]
g - —— Combinatorial ]
< 0.6 Total -
_'Cg : OTa +++++ |
=
= 0.4 4 t -
= r * +
= +
O 0.2F . -
0 L‘.‘".'tt - - S t.'..."_'-ﬂ':-ﬂm;
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X(3872) at LHCb

Q X(3872), LHCb experiment, more studies

1 Result
JHEP 11 (2024) 121

[’
X1 (3872) 28N _ 1 67 4 0.21 4 0.12 +0.04
Ly 1 (3872)—J /by

Q Not expected for pure D°D*? + D°D*® molecular interpretation

d Does not contradict to other hypotheses of the x.,(3872) structure: conventional

charmonium, ccqq tetraquark, molecules mixed with a sizeable compact component

Non-conventional states Suceava, 10-18/07/2026
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X(3872) at LHCb

Q X(3872), LHCb experiment, more studies

PRD 113 (2026) 072019

QO Observation of the decay Xe1(3872) = J/u™u~

O Reconstruct displaced vertex 9 = i s A S =
O 1000 [ —— Before BDT! selection + LHCb _
E = E . 6fb_l -
- | After BDT1 selection -
g 200 - poves _
& ; (3872) :
= 6001 by X220
= i | o gt
= i 1 Ty g
% 400 ¥ (1P) ++ { +|H} t ]
O - Xet . X ,(1P) " |++*+'fi++ -
_ ¢ ah i
200 ! =
O i R : P R I Ty

3400 3600 3800 4000
M1 11 [MeV]
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X(3872) at LHCDb
O X(3872), LHCb experiment, more studies

d Normalization and x-check PRD 113 (2026) 072019
= “Frhce. 9 Z0F thcs T
ﬁ 355_ 6x(;1(3é72)—>.f/¢ﬂ+u_ E % iﬁf_ 6fb! E
vy 30F 4 - ]
g - 3 = 14 =
8 27 S eH dlT L i
I TN S8 AT
"% 15 —% 8; || ||‘ A H 4 o h‘ |'||||
5 ol > il | [T e

B N | E
0773850 3900 3950 4000 4050 0773850 3900 3950 4000 4050
mJ/’wﬂ“Lp— [MeV] meW#iﬂi [MeV]

tes A (1 DMe™N )

B(xc1(3872) = JhbpTp™)

— (1.68 £ 0.32 + 0.05) x 1073
Blxa(3872) = JfgmFr) ¢ )

O Next: study mM,+,

0 Low masses — virtual photon pole, related to radiative decays

o |.--)'""\ L “\‘"-» L
3‘}840 380 380 3900
Y]

O High masses — contribution from real p and w

Miyer
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X(3872)
O Dual nature of X(3872) ?

O Features expected for

J Charmonium state

O Favoured by: measured production cross-section, transverse momentum and
rapidity

U Disfavoured by: large isospin vielation in decays

U Loosely-bound molecule, colourless open-charm mesons spatially well separated:

U Favoured by: mass coincidence with the DOD*° threshold, “right” JP =1*, narrow
width, large coupling to D°D*?, large isospin violation in decays, large size
compared to Y(2S)

O Disfavoured by: expected production x-section too small wrt the observed one

O Tightly-bound quark state

O Favoured by: P wave cc production in many different reactions, pattern of
radiative decays

O Disfavoured by: large size compared to @(2S)

O Virtual charmonium companion or its mixture with a hadronic molecule; a hadro-
charmonium state; a hybrid meson or a tetraquark
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As an outline

O Evidence for hadron-hadron interactions playing an important role in creating narrow mass
structures near the corresponding thresholds in meson-meson. Form bound states

(“molecules”) or other structures (e.g. virtual states) ? Two nearly separate confining volumes

O Rich spectrum of broader charmonium-like states seen in b-decays. Evidence for compact
tetraquarks ? Compact pentaquarks ? Various color binding schemes possible ... Single

confining volume

L States can mix more than one dynamics; between themselves if narrow and near thresholds,

with ordinary mesons, and with hybrid states ?

U Multiquark spectroscopy explaining unambiguously all states will be difficult. Best hope:

demonstrate presence of various binding mechanisms on systems in which they dominate.

O Can we really pretend to understand the spectroscopy ?
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As an historical outline

Martin Perl

| gradually became dissatisfied with the theory needed to explain our measurement. | am a
competent mathematician but | dislike complex mathematical explanations and theories, and
in the 1950's and 1960’s the theory of strong interactions was a complex mess, going

nowhere.
Martin Perl, Nobel lecture, 1995
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