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Hadron spectroscopy at the LHC
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Hadron spectroscopy at the LHC
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Experimental signatures beyond the quark model

Xc1(3872)
Very narrow charmonium-like state above

« Shifted masses and/or widths the open charm threshold, far from

wrt. (naive?) model expectation predicted c& mass

A(1405)
Strangeness S = —1 baryon, but lighter
than nucleon counterpart N*(1535)

50(2317)
Narrow state 160 MeV below quark model
prediction for c§

Typically associated with 2-body
thresholds



Experimental signatures beyond the quark model

Too many charmonium vector states

e Shifted masses and/or widths 4600;_ \T,E:i?(s);
wrt. (naive?) model expectation 4400£ v e
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Experimental signatures beyond the quark model

e Shifted masses and/or widths

wrt. (naive?) model expectation

Forbidden quantum numbers for qg

e Supernumerous states In the light meson sector:
1(1600) with J7€ =17

in, ‘7 and 3 decays
e Spin-exotic mesons ' y



Experimental signatures beyond the quark model

Examples of charged exotic mesons

Shifted masses and/or widths Z{(M?’O) (25)
wrt. (naive?) model expectation Z:(3900) J/9,

Minimal quark content: cGud

e Supernumerous states ] )
Baryons with hidden charm

Pt (4380) J/y
e Spin-exotic mesons PX(4450) J/y

Minimal quark content: ccuud

Charged states with hidden charm Unambiguously states beyond the

quark model multiplets.



Preview: Models of Hadrons beyond the quark model
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Multiquark states

Tetraquarks
o

@

e Compact object made from | Qq) and
| Qg) diquarks

Hadro-Quarkonium

e Compact | QQ) color singlet surrounded
by a light-quark / pion cloud.

Hadronic Molecules

e Extended object made from two hadrons

1 Q3) and | 4Q)

1
\/ 2/.LEb

e near two-body threshold

e Typical size ~ > 1fm




Gluonic excitations

Glueball

e Bound state without valence quarks.

GLUEBALL Hybrld

e Gluonic field configuration contributes to
properties of hadron

HYBRID




But hold on: what about the (naive) quark model?



SU(3) Color - Constructing color singlets

Quarks are color triplets
g with i=1,23 or R,G,B
Baryon color wave function:
i j ok
€ijkd qq

totally anitsymmetric under color exchange
= symmetric under exchange of flavour, spin and position.

Meson color wave function:
i
q 4q;

But what binds the quarks together?



SU(3) Color - What binds quarks together?

QCD is similar to QED:

QED QCD Gell-Mann matrices
t 1
Symmetry U(1) 5U(3)1 S S
Charges Q T,= 5)\3 M=|[1 0 o] x=|i 0 o0
0 0 0 0 0 0

(generators) 8 Gell-Mann matrices A,

Gauge bosons Photon 8 Gluons N = é 0) (g g (1)
Electromagnetic force between two 0 0 00
charges Q4 and Qg is proportional to their 0 0 0 0

. . A5 = 0 0 0 1

product and attractive if i 0 10
0 0 0 0 1 0 0
QaQp < M=o 0o —i| xm=—[0 1 o
0 i O© ‘/5 0 0 -2

What is the corresponding rule in QCD?

10



SU(3) Color - " Colorfulness” - the Casimir operator

Color interaction is again proportional to the (tensor) product of charges
DTS
a
which can be written as
1 2 2
AB 2 A B
ST =3 (-1 - T
a a
with the SU(3) (quadratic) Casimir operator C, = z T2
a

e (, depends on how the two components A and B are combined,
i. e . on the SU(3) representation the two-particle state corresponds to

e G, is analoge to angular momentum magnitude 7 in SU(2).
e Measures the total " colorfulness”
e = strongest attraction in least " colorful” states when C, = 0

11



SU(3) Color - Two-Body representations

Most simple system is qg, which is a product of a triplet and an antitriplet
33=1®8

Building representations from the irreducible g = 3 and G = 3 we have for the

representation (U, V) (u(v) counts steps across top(bottom) of multiplet)

Co(u,v) = (Bu+3v + v + uv +v?)/3

In this labeling we have

1=(0,0) 3=(1,0) 3=(0,1) 8=(1,1) 10=(3,0)

where the color singlet has a vanishing Casimir operator
and is therefore the most bound state.

Note: C2(]., 0) = C2(0, ].) = 4/3 and CQ(]., 1) =3> C2(1, 0) o C2(O, ]_) !
12



SU(3) Color - Diquarks

How should we think about a baryon |qqq) ?

= look at quarks pair-wise :
33=3®6

A pair of quarks behaves as an antitriplet! And the tensorproduct of the charges in the
3 ® 3 — 3 configuration is

attractive!
We can expect correlations between quark-pairs to exist within hadrons.
These “Diquarks* are a useful tool to discuss multiquark objects.

Depending on the symmetry of the spin-flavour part of the wave function one talks about

"good” (spin singlet, flavour triplet) and "bad"” (spin and flavour triplet) diquarks.

13



Strangely charming baryons: The 2, [PRL118(2017)182001]

e The |css > system is a proving
ground for HQET

e Scale separation between heavy

Summary of theoretical predictions

" ‘2’” Q QP) (zm .
S

)
210)_1p)|

charm and light quarks

N w Boo

e Heacy quark acts as static source

Q,(3119°
2,(3090)°

of color

o

Mass [GeV/c?]
w W w ww

e Popular model:

29F e 3

heavy quark + light diquark 28E 3

E 7 3

27 o =

e Two S-wave ground states 2.6EF =
e SR

Vg

Q¢ and Q.(2770) observed Sy 3 i r3isrFIeos T
2 2 2 2 2 2 2 2 2 2 2 2 2

e 5 P-wave states predicted

14



Five (2, exitations in A\-mode predicted

e Negative parity states = one unit of orbital angular momentum
e light diquark | ss) in S-Wave = ¢)(x) symmetric under s <+ s
e P-Wave: ¢ =1 between heavy quark and diquark (A\-mode)

e Total wavefunction needs to be antisymmetric (Pauli) under s <> s

?
Y(c.s,5) = Y™™ (X)Uzglor Viiavor Yspin

= Yepin Must be symmetric [11) = s=1

e Possible angular momentum combinations:

S=s.®s|S5=1/2 §=2/3 = 5 states predicted
predicted mass ordering:
J_Gmg | L2 L9989 1Lls590
N 2'2 2'2'2 2'2'2'2'2

15



Five new ()_ states in the decay =/ K~ [PRL118(2017)182001]

Reconstruct =, — pK wt

0 —
600001 ]

40000/ ]

Candidates / (1 MeV)

T
|

20000

2440 2460 2480 2500
m(pK %) [MeV]

e =_ detached from primary vertex

e PID of daughter tracks

e pointing to primary vertex

= looking for prompt Q.
16



Five new ()_ states in the decay =/ K~ [PRL118(2017)182001]

= = & )
Reconstruct =. — pK 7 Adding another kaon:
%\ 80000, T T " T ~~ ET T ‘ T T T T ] T T T T T T T T ]
= [ LHCb % 400; N
< 60000 1 = - LHCb ]
5 i 1 = .
-% 400005 B 3 300~ |
S § r ]
20000 . -g i ]
= , ]
| | | 1 o 200: 4
2440 2460 2480 2500 L ™A '
m(pK %) [MeV]
e =_ detached from primary vertex

3200 3300
m(ETK") [MeV]

e PID of daughter tracks 3000 3100

e pointing to primary vertex

= looking for prompt Q.
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Five new (_ states in Q. — = /K~ [PRL118(2017)182001]

Resonance Mass ( MeV ) I ( MeV) Yield N,

Q.(3000)° 3000.44+024+01%02  45+06+03  1300+1004+ 80 20.4

Q.(3050)° 3050240140112  08+0240.1 970+ 60+ 20 20.4
< 1.2MeV, 95% CL

Q.(3066)° 3065640140302  35+04+02 174041004+ 50 23.9

.(3090)° 3090.24+03+0579F  87+1.0+08  2000+140+130 21.1

Q.(3119)° 3110.14+034+09%02  114+08+04 480+ 70+ 30 10.4
< 2.6 MeV, 95% CL

Q.(3188)° 3188+ 5 +13 60+ 154 1] 16701 AB0 L 240

Q)

e Are these the 5 P-wave states? [PRD95(2017)114012]
o Why two very narrow states? [PRD96(2017)014009]
e 4 states confirmed by Belle [PRD97(2018)051102]




Q(3065)° - =2

Update 2023: two more states [2302.04733]

I 0(3090)° -~ =

3119y - e 03065 . K-
EE O(3185)° - ZiKT e 0430900 - K"
- = 03327 - KT e Q(3119° - =XK-
Analysing the full LHCb dataset (Run I+I11) ~ 9fb L Q332 (3119)
S R A MiiAsnassoaasanae 5\145;(?3----' T .
() St
= =
= 2 ©
g g
Loy ol
= o
S S
g S
© O
O R
3000 3100 3200 3300 . 34_100 3500 3000 3100 3200 3300 . 34_100 3500
m(=:K") [MeV] m(Z¢K™) [MeV]
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Revised masses and widths [2302.04733]

Resonance m (MeV) I (MeV)

Q,(3000)°  3000.44 +0.07 *3% 1 0.23 3.83+0.23 759
Q,.(3050)° 3050.18 & 0.04 F9:%¢ 1 0.23 0.67 +£0.17 795

< 1.8MeV, 95% C.L.
Q.(3065)° 3065.63 +0.06 T3 +0.23 3.79 +£0.20 7538
Q.(3090)° 3090.16 +0.11 39 +0.23 8.48 + 0.44 1951
Q.(3119)° 3118.98+0.12 *393 £ 0.23 0.60 + 0.63 7902

< 2.5MeV,95% C.L.
Q.(3185)°  3185.1+£1.7 T5g 0.2 5047 T30
Q.(3327)° 33271412 "9 +02 20+5 13

Two new states compatible with predicted S — Wave states?

Lattice calculations [PRL119(2017)042001] put the ©.(3185) in the mass range of
P-Wave states, while at higher masses many states can contribute.

Nearby thresholds: =D at ~ 3180 MeV and =D* at ~ 3325 MeV 19



Double strange heavy baryons - looking at beauty sector

[PRL118(2017)182001]
A — [PRL124(2020)082002]

IS
(el
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lon

w
=]

Candidates / (1 MeV)
) @
S S
S S
5

—_

(=3

(=)
-
o

Number of candidates / 1 MeV

3000 3100 3200 3300 0%
m(ZK ) [MeV]

e Most natural J¥ assignment would be 1/27,1/27,3/27,3/27,5/2"

e Quark di-quark model predicts 5 P-wave excitations, 5/2 €, state not seen?
[PRD102(2020)014027]

e Molecular model can explain 3 Q. and 4 Q, states E’QR, EBR, EB/D, =B*
[PRD101(2020)054033] J© assignment would be 1/27,3/27,1/27,3/2" for Q, 20



Measuring (2, spins in Q, — = - [PRD104(2021)L091102]

%90 ’>" F T T T T T T T T T T ]
Seo g + —4- Data 1
g 20 LHCDb — Total fit -
Z 60 L0 C 9fb_l o [ i
é a. & L - Background 7
& 5! o L ]
i 8 15 E
10 & i) r ]
0==535" 6000 6100 6200 6300 ° L ]
m(=K"m) [MeV] % 107 _
o F 1
A R A A SRR A 5 B
T I ]
Tll25} 1 0 20 40 60 80 100 120 140 160 180 200 220
E L ] m(=ZKY) ~ m_. ~ m - [MeV]
20 E
; e statistically limited
151 .
E ] e Only four states seen (as in Belle)
10 - J 11 . N
E - ] e J=_ -, - — assighmen
E e ] 2222 ¢
570 15 20 25 30 3 rejected at 3.5¢0

MA(ZeKT) [Gev?] .



2. Speculations

N
3

3 3
§\ : T T ‘ 5 T 5 I T T T T T T : o o (3050)0 o
220 9,(3000)° D 9 400~ 5 _ Sasp e LHCb / '}7
410 b b 2 L 1 i g o i
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::_“ 8 Background :/ : — : Z10
S ~ - 2 R “ L
. & 300 7 sL P4
\ - = E - 7T
ek 2 | Erbr
| Elas 3 r i 0 =
&% -0.5 0.0 0.5 1.0 = r 7 o b 00 o 50 !
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s 2
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e
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« 5
%2
R
i
o 7
i
1
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3200 3300 ok L
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3100

Quark model states: unobserved 1/2" state?
Role of thresholds? Could there be molecular contributions?

=/ K disfavoured by spin analysis. 2



Hadronic Molecules [Report:RMP90(2018)015004]

Molecules: d
° compact | dj molecular
a2 o . . . dM | dM
e Arising from interaction in a M 3‘
Hadron-Hadron system [ \

e \

¢ T —

2
e Small binding energy T(E) = g /2 :
= signals close to 2-body threshold E-E g2/2(/\/2/T T+ iTo/2
e Composite nature dominates over O Sheelils couplig 7 o s 2oy
compact component system (reduced mass p)
[PR137(1965)B672][PLB586(2004)53] = CIE CHE L CEa G ) )

V2uE = tric in E
e Close to threshold only S-Wave s SRS T

important e Compact system: energy dependence

driven by E
23



Hadronic Molecules [Rev. Mod. Phys. 90(2018)015004 ]

We speak of a shallow bound state of two hadrons if
1
R > Rconf = Eb < P —
2MRconf

for example at DD* threshold, with R.g¢ ~ 1fm~ (2OOMeV)71 and ppp ~ 966 MeV

E, < 20 MeV
We know they exist:
e Deuteron E, = 2.22 MeV %‘
e Hypertriton E, = 0.13 £ 0.05 MeV from Ad threshold
e Not a molecule but important hadronic interaction:
virtual state in nn scattering t

do Mesonic or Baryon-Meson molecules exist?

24



Hadronic Molecules as a useful paradigm

e Relatively high predictive power - only need to know 2-body thresholds

e Limited number of predicted states (S-Wave at threshold)

e Universal paradigm: Properties fully defined by scattering length in 2-body channel
e = hadrons relevant degrees of freedom

e At threshold: small relative momentum scale k

e Potential scattering useful model.

e Approaches available to incorporate low-energy effective theories of QCD

e The majority of the discovered exotic hadrons lies close to two-body
thresholds.

25



Cross section for Hard-Sphere scattering at low energy

Cross section at low energy is given by S-Wave phase shift only:

97 _ o) = sin”dy _ (kR)
dQ k2 k2

Note that indeed there remains no angular dependence for the S-wave cross section.

= R® since kR<1 (1)

The total cross section for scattering off a hard sphere at low energy is simply obtained
by integrating this constant over the full solid angle, which gives

@y — 47 R? valid at low energies, i.e. kR <1 (2)

At low energy the scattering cross section is 4 times the geometric cross section of the
object.

26



More realistic potentials: rectangular potential well

. No potential
Inside u(r) ‘
—_———— ! -
_ - ~ | - =~
u(r) = rArolr) PN -
5 / 4 \ | ’
xsink'r ! \ 2 .
h2 k/2 0 :\\ ,l T
i 4
E — VO = AN Ve (a)
2m | Seenoe”
1
1
ur
. - Larger ()4 /,__\\ ! Btk o
attractive potential: curvature — | 2 \:// 7
4 | /
wave function pulled in Y /
0 R :\ ,' r
N J
Vp<0 N S (b)
; Z.
i
]
t
s ol u(r) e sk
repulsive potential: ” P
’ AN ] -, S~a
. Vo> 0 N . <
wave function pushed out R N /’
1 \
Al /
0 \ R N 1’7 T
N\
~ 7
sinh function Ssoo_>% ()
if Vo> E

27
reproduced from Sakurai/Napolitano 2nd Edition



Scattering at very low energies: the scattering length

Low energies = long wavelengths = linear outside wavefunction

4 u(r) =c(r—a) ‘
B
7
7
7 -
e P
-7 -7
' P
7 P
// - -
& N -~ o
0 f 7 T 0 R r
> : « : <0
| r<=lal-> a4
[
T—_——a>0 ]

lim sin(kr + dq) = c(r — a)
k—0
u k—o 1 : . 1
— = kcot(kr + dy) — setting r=0 | lim kcotdy = ——
u r—a k—0 a

2
plots reproduced from Sakurai/Napolitano 2nd Edition g



Interpretation of the scattering length

The scattering length a is the intercept of the outside wave function extrapolated to
u(r) =0.
Scattering amplitude at low energy written in terms of scattering length

B 1 1
 keotdo(k) —ik  —L1—ik

fr—o(k —0)

Total cross section at low energy:

. 2 2
Opor = 4T A[}no |[f=o(K)|” = 4ma

29



Interpretation of the scattering length

The scattering length a is the intercept of the outside wave function extrapolated to
u(r) =0.

Scattering amplitude at low energy written in terms of scattering length

1 1

fr—o(k = 0) = — = 7
kcotdo(k) —ik  —% —ik

Total cross section at low energy:

. 2 2
Opor = 4T A[}no |[f=o(K)|” = 4ma

At low energies the scattering cross section for arbitrary potentials is given by
the hard-sphere cross section with the radius replaced by the scattering length!

29



Bound states

Note: deepening the potential well will lead to very long scattering lengths, much
longer than the range R of the potential!

Fora— oo : u(r) ~e " with k ~ 0
- bound state wave function

_ a>0
.,

=)
=
~
=)
E-]
I A
Zr

deepening potential —

Flip of the sign of a is associated with the formation of a bound state.

plots reproduced from Sakurai/Napolitano 2nd Edition <



Relation between binding energy and scattering length

Outside

—Kr

u(r) ~e r>R

Inside with very small energy E =0+ ¢
2,12
u(r) ocsink'r  with —m = E—Vo=x|Vy| and K =~k
m

In terms of how the wave functions are connected at r = R there is no difference
between bound state or zero-energy scattering.

Map the wave functions:

ke "' B ( 1 >
e—l'ir R r—a 'R
for R < a the binding energy
1 _ g I
K~ — = —
a b 2m 2ma’

31



Example: the deuteron

Bound state 351 in neutron-proton system

E, =2.22MeV or k=+/2mE,/h = 45.7 MeV
Scattering length measured to be:

-13
Atriplet = 542 X 10 “cm
mymy

Inserting numbers, noting that the mass appearing is the reduced mass y = —————
my + my
n? h?

5 = —— = L4MeV

2ua mpya

Result can be improved by allowing more terms in the expansion

1 1
kCOt(SO = —— 4 §r0k2
a

with effective range ry = 1.76 X 10~ cm for the deuteron = k = 46.4 MeV

32



Weinberg’s Composition Criterion |

Composite object with compact | 1)
component and molecular component

| hyhz) Keep only kinetic term in Hamiltonian
HY, = k% /2u.
| w> _ A ‘ ’l/Jo> hh / 1%
X(k) | hyhy) = for the wavefunction
. . (k)
Hamiltonian: KY=\—>~1
H. Vv with transition formfactor
H|V)=E|V¥), H= v O
hh (o | V| hyhy) = f(k)

Trick: absorb all hadron-hadron

interactions into | vg).

33



Weinberg’s Composition Criterion Il

Wavefunction Normalisation:
3

1= (V| W) = N | vo) + / (Zwl;a

Y PPk f(k)?
- [H/ (2w>3(Ebk/2u)2]

allows probabilistic interpretation of A2 as fraction of compact component.

Ix(k)?(hyhy | hyhy) =

Integral converges for f(k) = f(0) = gy = const. If the inverse range of the forces
B>~ =1/R one gets

il =

2 2
1”80 gl 2 2my (1 >
1+—+2°0 4oL = =2l (= -1
21/ 2uE, (5)] B2 (ﬁ

Relation between probability to find compact component in wavefunction and the

coupling to the continuum channel.
34



Weinberg’s Composition Criterion Il

The coupling gy also appears in the one-channel Flatté (more generally in the self-

energy)
Flatté: Effective range expansion:
2 27 1
T(E) £ T(E) =

1 a+ (r/2)K — ik

<1>
g

. . , ) 1
For a fully molecular state A = 0 the negative scattering length get's maximal a = ——

~
and r ~ O <;)

1
For a compact state a = -0 <3> and r — —o0. 35

 E+ Eg+giL(ik+7)

with effective range r and scattering length a. Finally

—:(3)+o(3) (g
a=—2 )10 r=— “)+o0
2 - \v B 1-2%\y




Application to Deuteron

pn scattering length and effective range [JPG10(1984)165] and binding energy
[Nucl. Phys. A380(1982)261.]

a=—b5.419 + 0.007 fm r =1.764 + 0.008 fm E, =2.22MeV
therefore
v = \/2uE, = 45.7MeV = 0.23fm ™
Let's take pion mass to calculate the range of forces

l%i%IAfm ~r

g my

On the order of the effective range. Together with the large negative (in this
convention) scattering length Weinberg concluded:

The Deuteron is a composite object.

36



The T,
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Open Charm Pairs [2109.01056][2109.01038]
e D° Kot

o DT K atrat

e Double mis-ID <« is a potential
problem
cross-checked with D+D+,
Dt D% D°D°,D°D™ and D°D°x "
e Decay times are required to be
> 100 um/c
o After initial selection D° and D

decay product momenta (and

Candidates/(5 x 5 MeV?/c*)

185

mg; iy

b

100

additional 7 1) are reoptimized under

ndidates/(5 x 5 MeV?/ct)

mass and vertex pointing constraints
(kinematic fit)

Candidates/(5 x 5 MeV?/ct)

g




DD7 and DD Spectra [2109.01056][2109.01038]

Xc1(3872) (missing 7°)

500 ‘ ; ‘ 1600 ‘ ‘
£ e D'Dont+ ! C
400 [} ﬁ“D”:‘ LHC}? 1400— ° 070 LHCb
E D*+D threshold 9th Fon o= 9fh~!
3001 4 — DD threshold F ¢¢ DUDP threshold
E @%@% 4 1200 ¢¢
Lo %%%%ﬁf@%ﬁm s Yof ¥ & ﬁaﬁ i,
= c = -
Z s B gy Z mﬁ%q; %ﬁ% S %% 5]
= ;ju St i g = F ¢¢¢
= : : : : : : = b : : : :
= E = E
[} r [} =
s 80:7 ) T s 200; |
so}* h cc 150
40 100
F E tot
2O;+ b e S R R R L Wi Vit
okt %MVJ#* ﬂ ,*Wj *h M* *Wf‘“.ﬁ‘“.“kﬁ%*ﬁoa n’ﬁuu o, ot E B + ittt ‘
38 39 392 3% 39% 398 4 §7257 a7a 375 376 371 a7 a7

MpDn

[GeV/c?]
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T.. signal [2109.01056][2109.01038]

Pole on the second Riemann sheet % O I
< oo LHCb 2=
dm = —360 £ 407§ keV/c? = F 9" 2o .
) r =20 +
40 < 50: J’ <15 +
M= 48 + 2714 keV % C ~ 10 TL ++ ]
N > 40 3 AP Ss
D™ D scattering length = e D e S
30; —_— B:ckground Dttt e ?
- Total -
= [—(7.16-£0.51)+/(1.85+0.28)] fm 20— J(JK ,,,,, Derpr e + + =
Effective range 10 ‘Qﬁ Jp a 4 + + +:
ot - %ﬁ? W H i W Hr Hﬂ 4
—r <11.9(16.9) fm @ 90(95)%CL . -
3.87 388 389 3.9
mMpopo+ [GCV/CZ“
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Precision measurements of mass and width of the x(3872) at LHCb

Inclusive x;(3872) — J /i ™ Exclusive T — J/¢pmtr KT
[PRD102(2020)092005] [JHEP08(2020)123]

1 T T T T T T T T 10° . . 10° . .
a(3572) 2011 § 2012 1 LHCb i 368 <y 4,- <369GV/E  LHCH 526 < m byt < 530GV LHCh
ool (3872 I ] g
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o Prn < 12 GeV g X
Go0L otal T 1 2
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ot kit t fu bl S
20008 T T TS 1
: : : et | | 1
< oy 12<pl <206 1 ) T
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Breit-Wigner parameters

[PRD102(2020)092005][JHEP08(2020)123]

Comparison between inclusive and exclusive analysis and previous measurements

LHCb B* — x1(3872)K*
LHCb b— x.1(3872)X
mpo + mpe«o

PDG 2018

CDF pp— X1 (3872)X
Belle B— X1 (3872)K
LHCb pp— Xc1(3872)X
BESIII e*e™ — X1 (3872)y
BaBar Bt — x (3872)K*
BaBar B’ — X1 (3872)K°
BaBar B— (xc1(3872) = JApw) K
DO pp— Xa1(3872)X

3868

sl
ot
Y]
[
H+H
H—eH
RS —
I
1
3870 3872 3874
My [MV/e]

LHCb B* — x.1(3872)K*
LHCb b— x1(3872)X
Belle

BESIIT

BaBar

BaBar

First time a width was established for this state.

2 3

Ly (3872)

[MeV]
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Preliminary conclusion from Breit-Wigner fits

Most precise measurements of the Breit-Wigner mass. LHCb average:
mXc1(3872)|LHCb = 3871.64 +0.06 = 0.01 MEV/C

e Uncertainty now smaller than uncertainty of threshold location
mpo + mpyo- = 3871.70 = 0.11 MeV
[PDG2019][JHEP08(2020)123]

e Distance to D°D% threshold §E = Mpo + Mpos — My, (3872)
dE| Hcp = 0.07 £0.12 MeV
e First non-zero value for Breit-Wigner width
MiHe, = 1.13

e Threshold is within the natural width
= Breit-Wigner is not the correct line-shape
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Flatté parameters and comparison to Breit-Wigner = [PRD102(2020)092005]

g f, x 10° o [MeV]
0.108+0.003739% 18+0679; 14+04+06 e J/4 data alone cannot
distinguish line shapes

Shape parameters:
e Flatté narrower than BW by

Mode [MeV] Mean [MeV] FWHM [MeV]
factor 5
+0.00 +0.05 +0.07 +0.11 +0.06+0.25
3871.69 Z .04 - 0.13 3871.66 " 906~ 0.13 0.22 ~gps ~ 017
Systematic uncertainties on g
- e ; ; 3 = 8000 : . .
e Momentum scale = ao0f - Breit-Wigner 3 z E Incl. resolution and background 3
» E — Flatté g 70005_ ~~~~~~~~~~ Breit-Wigner LHCb E
e Threshold mass o 3OF ] S 6000F — Flatté 3
| & 300F 3 E E
5 i £ 5000F
X SIS E s E
Small effect: zis 20 3 £ a000f
. 200F 4+~ E
Resolution+Bkg model 150E E
and D% width 100E
Systematic uncertainties quoted  50F E £
3868 387 3872 381 ° 384 38 38 39

do not include scaling!
M gpymtn— [GeV] [ e— [GeV]



Analytic  structure of the Flatté model at threshold

[PRD102(2020)092005]

% 02 ated to DD bound staté LHCb
= 24 keV

— 0.1

LLl

E

o

Pole at:
—0.13/) Me

-0.4 -0.2 0 0.2 0.4 45
Re E [MeV]



Fitting Coupled Channels is not always easy

As you have shown in [arXiv:2110.07484] the relation between g and
Ef = My — Minreshold 1S given by

2(E, — E7)

\/2;11|E |+ /225 + |Ep)

Where E, is the real part of the pole location.

For small £, compared to ¢ this becomes

2E

.
Ef)=—

9(E) 2450

and it is clear that the slope of this function is driven by the isospin splitting 4.

Uncertainty on isospin splitting smaller than threshold location uncertainty:

Mpr 007)° — Mpo = = 142.014 £ 0.030 MeV Myo +m o= = = 3871.70 &+ 0.11 MeV
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Fitting Coupled Channels is not always easy

Nonvanishing offset

2(E,) oy
9(0) = e N
V2B |+ 1/20(5 + |Ep))
0.5 é
From which the pole position can in 010 5
principle be extracted. Problem: all the 005 -
uncertainties in the g(Es)-plot are highly g S - - g

Ey [MeV]

correlated.

Better alternative: remove correlation by subtraction:
i
2
directly fitting for real part of the pole position E, with

Ya = 4/ 2p10(8q — Ep)

D(Ey=E—E, + [Q (Rq — Iy 4Ry —iyy) + T, (E) + T, (E) + ro] :
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Pentaquarks
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Narrow structures in J/1p : Pentaquarks? [PRL122(2019)222001]

Full Run I+l dataset reveals . .
D LD osipe?

e New narrow structure at

m = 4312 MeV 1200,
— data LHCb
e Peak at 4450 MeV split into — total fit
1000 — background
two peaks grour

®
o
o

investigated in J/v projection alone

(no angular analysis)

Weighted candidates/(2 MeV)

AN

450 4500 4550 4600
LY [MeV]

4300 4250 4300 4350 4400

cosfp weighted
¢ 49



J /¢ pK Dalitz Plot PRL122(2019)222001

< 26 <
S T 10 &
=) LHCb 0
o 24 S
R
t 0
- o
22 a
. 10 &
20 5
i e
- S
18
1 _|||||||||||||||||||||||||||||||||.|||||||||| l
6253357 45 5 55 6 65

mz, [GeV?]
Status update: a measurement of the quantum numbers of the P.(4312) is about to
be published. Stay tuned but don't expect big surprises. 50



Coupled channel fit: Molecular Pentaquarks [PRL124(2020)072001]

8 coupled channels =) D°*)(1/27,3/27), J/4p
with contact interaction and one-pion exchange (OPE)

; - p(4457)
P.(4440) [ Wt 1/2- ©
: 3/2- :

1200
1000}

800/

Weighted candidates/(2 MeV)

600" Mo
J’ i : : : 5
400[W.. %D %D EDT mDr ]
4250 4300 4350 4400 4450 4500
My p [IMeV]

Fit with heavy quark spin symmetry necessarily gives a narrow P(4380) 51



Pentaquark news: a strange candidate [2210.10346]

Decay B — J/4¥Ap
~ 4400 candidates in Run I+l sample

Dalitz plot:
< L A I R AR LA |
= F LHCb ~Data 3 <
O 1600F o4k “Totd fit 3 188
o 1400F —Signa B )
:i/ 1200F ---Background_f Q 18.6:
B 1000F 3 S184F
8 3 E & [
S 800F = g [
o E 1 % 18.2-
% 6001 ] L
O 400k ] 18-
200F k N 1780
& o Zi e 1] L
00 5250 5300 5350 - L ‘

P B P IR R U RS
16.4 166 168 17 17.2

Best single B mass measurement amplitude analysis performed

m(B) = 5279.44 + 0.05 & 0.07 MeV
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Pentaquark news: a strange candidate [2210.10346]

: - < 180F Lich D E
Observation of a narrow state decaying to 2 ol o 732‘,§m fit
J/HN o — Baselinefit

/ (0 %140 3 { NR@Y P) 3
120 E
8. f
m = 4338.2 + 0.7 & 0.4 MeV 8ot i
60f :
= 7.01.21.3MeV of E
_ 20f E
with preferred quantum numbers ) P
4.2 4.25 43 4.35

mI/YA) [GeV]
JF=1/2" ‘

5 5
8.8

postive parity excluded at 90% CL.
Right at the =.D threshold at 4333 MeV!
Good =_.D molecule candidate

Candidates/(2 MeV)
g
Candidates/(2 MeV)
=
g

588 %

28588

.05 21 V 215 4.1 4.15
m(A p) [GeV] mIyp) [Gev]
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A future program to explore the Hadronic Molecules

Nice survey by our theory colleaguse around Feng-Kung Guo [Prog Phys (2021)41:65]:

Prediction of 227 heavy-antiheavy molecular states.

m (GeV)

bound

a0

2.0;

6.1

5.0

4.9

39

38

a7

X[4872)

X(3872)

DD
DD

Dabg

DD,
D,

DD,

nro:

i)
D"

DD,

e

Do
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A future program to explore the Hadronic Molecules

Nice survey by our theory colleaguse around Feng-Kung Guo [Prog Phys (2021)41:65]:
Prediction of 227 heavy-antiheavy molecular states.

L70F  pound

, 515
b bound tual 5.00 bound o bound. Vistual
& P Dav: 465F - -— - - - —
- 498 10
- - -
1450 u u | | 4.60 D= e
4.96 - - - - - .
g 5! 5.05 B,z
S 5] — P ny: o 485 R - -
= 9 =
S— 7 1110) g L I | % — ] B
8 8 - <] )
2 €0 by < 450 - - e, S 500 — -
a0 oy F | B | rasp ——r g £
- 4.90 - 2.9 b,
435 . 1.40 - -
oy 88 e _ 1.90 L
— i3] [ | | | 435 _ n= -_ -
430 . 186 ‘ N ot
172 3/2 /2 1/2 3/2t 5/2 430f 172 3/2 5/2 assp 12 32 5/2

Experimental Challenges:

e Reconstructing multiparticle final states with open charm

e Access to high mass part of spectrum (limited by phase space in B-decays)
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More ideas for the future: Exploiting Semileptonic decays = CmF

Proposed by Oset et Al 45 ': gKno -
in [PRD 92(2015)014031] oot i Dr
L 35 L
Production of exotic hadrons without SX 22
crossed channel effects in semileptonic % 2 '.
decays. 5 15| A
1 i
Interesting candidates: D(2317) and °: N -
* 2 2.2 2.4 2.6 2.8 3
D" (2400) 10 (Gev]
D _ D -~
b c _» b c -~ ’.v”
B - 3 ()5 + B - ) | e«
E I s s T &L
K K =~
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More ideas for the future: Exploiting Semileptonic decays = CmF

Proposed by Oset et Al
in [PRD 92(2015)014031]

Production of exotic hadrons without
crossed channel effects in semileptonic
decays.

Interesting candidates: D¢(2317) and
D*(2400)

0
A
-

> -
© 12000k
= t | LHCb data from LHCb
3100005_ [PRD100(2019)031102(R)] @
E} 8000:_ peaks show conventional
_’g 6000 § states. Need to investigate
'-% 40005_ threshold
O 2000 fieast
0 2500 3000 3500 4000
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B - 0 e
: s bt
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56



