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Exotic hadrons



Exotic hadrons
Standard hadrons come in two varieties

Baryon Meson

‘ . . quarks
: antiquarks

But there are more types of possible hadrons...

Tetraquark Molecule

Hadro-quarkonium

Pentaquark



Exotic hadrons: the X(3872)

Exotic hadrons became extremely popular thanks to a discovery by
the Belle collaboration in B* — K*J/Wrr (03):
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Looks molecular, but no wide consensus about its nature yet!



Exotic hadrons: are you a fox or a hedgehog?

Phillip Tetlock: Expert political judgement, how good it is? (2005)
(hint: as good as dart-throwing chimps... except for the foxes)

"

7

» Hedgehog: knows one big idea (intellectual economy)
Resistance to update priors Convergence Fav word: Moreover

» Fox: knows many little ideas (intellectual scavenger)

Bayesian operators Zigzagging Fav word: However

They form a “thought ecosystem”.
Yet, hadron physics is also messy: better lean to the fox side.



Exotic hadrons: practicing your fox skills with the X(3872)

For X(3872): contradictory/ambiguous information to be balanced

(i) Close to D*D threshold: large coupling with it
Tornqvist hep-ph/0308277; Voloshin PLB 579, 316; Braaten, Kusunoki PRD 69, 074005
(i) X = ¥(nS)y, n =1,2: cC core cuoetal. PLB 742 (2015) 394-398
(iii) X — J/¢ 27 and X — J /1 37 pattern easier to explain in
molecular picture camermann, oset PRD 80 (2009) 014003 ...but compact
state can also have this branching ratio swanson pLB 588 (2004) 189-105

(iv) X(4014) by Belle (predicted mol partner, but poor statistics)

Often forgotten fact:
the wave function is not an observable

Though it seems to lean more to molecular than not...



But before dealing with the problem of molecularness:

EFT crash course in one slide



Effective field theories: the way of the fox (a crash course)

> Generic low energy descriptions of physical phenomena

quarks & gluons = hadrons (D), ), )
_,_/ . ~ ~
high energy low energy (EFT)

(equivalent by virtue of the renormalization group)

» Everything within EFT is an expansion:

Calculations are amenable to error estimations
(that is, the expected size of the next blob)

» Hadronic molecules: scarcity of data, that is,
usually leading order (LO) is enough in most cases



What is a molecule?



Exotic hadrons: what is a molecule?

Chemistry textbook molecules (a.k.a. actual molecules):

Unpaired Sharing of 1 pair
valence electrons of valence electrons

@«:

Hadronic molecules: definitely not two clearly separated heavy
quarks sharing a pair (or a few pairs) of light-quarks

(Exception: Born-Oppenheimer approx. with exotics)
But the name is catchy! = We adopted it ;)
Here: |molecule) = (1 — &)|H1H>) + d|other things), § smallish

And... we obviate the evident lack of rigor with this, as usual.
(After all, we are physicists...)



Exotic hadrons: molecular or not? (the deuteron)

The deuteron D-wave probability (Pp): not an observable!

(a) Deuteron wave function:
|d) = cosOp|3S1) + sinOp 3Dy )

(b) Deuteron magnetic moment: fiex, = 0.86 1,
but 1(351) = 0.88 1y = 3 non S-wave component

(c) D-wave probability Pp ~ (3 —5)%, but with assumptions:
(c.1) No relativistic corrections included Giman, Gross JPG 28, R37
(c.2) No two-body currents included p.r. phillips, JPG 34, 365

<> o>

O(e) O(eP?)

That is: within EFT Pp still makes sense at lower orders.



Exotic hadrons: molecular or not? (the T2(3875))
The TZ decay width into DDm and DD~y:

(a) TZX wave function:
|ch> = COS 9(;|D*D> + sin 0(_“CCUC7>

(b) T width: T$) =48+ 219 KeV, but if rme! > I,
= 3 non molecular component (provided Iftra < rmel)
(c) Same caveats as in the deuteron (also 3 T..'s D-wave)

What do we have? Well... (hint: molecularness can be determined)

k0 —494+3+16KevV , N0 =5875+5KeV

And this is with A — oo (otherwise ra? > rﬁi)p already.)

If Tec not highly molecular = no T (D*D*) partner
From arguments analogous to those in Cincioglu et al. EPJC76, 576

(*): not the actual T¢. experimental width, includes theoretical assumptions.



Exotic hadrons: molecular or not? (the P{/}s(4338))

The P$S(4338) slightly above threshold: not describable with your
usual single channel, energy- and momentum-independent contact.

How molecular is it then? Use X0 = . /— = Matuschek et al. EPJA 57, 101
14+2|2]
ap

(a) Energy-dependent: V¢ = d, + 2 da, k? = X1 = 0.33
(b) Momentum-dependent:

Ve = da + dha (p° + p'?) = Xinot = 0.95
(c) Coupled-channel:

3(dat+ds)  J5(da — da)
Ve = 2 ~ V2 = Xmol = 0.77
(k@—%) d

(a) and (b) on-shell equivalent, but different Xy,01 (that is, a
counterexample) = non-observability of the wave function



Pentaquarks



Pentaquarks: the discoveries of the LHCb
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The most famous and the most recent, as found in the respective
LHCb manuscripts



Pentaquarks: current candidates

The pre- and post-pandemic pentaquark candidates as molecules:

Candidate Molecule JP
P}!(4312) y.D
"’(4440) ¥ .D*
Pl)(4457) | £.D*NaD | 37,3 .3
P)4(4338) D
P} (4459) D*

Dl

Caveat: they are nor necessarily molecules (or even states)

Also a P!/(4337), but difficult to interpret as a molecule

MJ Yan, FZ Peng, M Sanchez, MPV, EPJC 82, 6, 574; Nakamura, Hosaka, Yamaguchi, PRD 104, 9, L091503



P{)S(4338/4459) and

their partners:

a possible P,;(4255/4398)7



P/ as meson-baryon molecules

Two 'D{p\ (cZsqq) molecular pentaquark candidates:

My = 43382+ 0.7MeV, [ =7.0+1.2MeV,
My = 4458.8 £ 2.9 T MeV, Ty =173+65"39MeV,

Most straightforward molecular explanations:
A nN— A Nk —
Pl/)Sl ~ D:C 5 Pwsz ~ D*—C

with binding energies By = —2.5 (resonance), B, = 18.8.



P/ as meson-baryon molecules

What are the implications of HQSS for these two pentaquarks?

Molecule JP Without HQSS | With HQSS
D=, 3 V=g V =d,
D=t | 2,37 V=c V = d,

If we use the P$5(4459) as input, this will predict
B1 = 16.9 (M = 4319.4) for the P} (4338). But:

i) Exp. error: By = 16.9729 (My = 4319.41%7 (underestimation?)
4.7 2.9

(ii) EFT truncation error: B = 16.9J_rg:g (M = 4319.4J_rg:§)
i) HQSS error: By = 16.97183 (My = 4319.41133
133

Together: By = 1773¢ (M = 431971°)
vs By = —25+0.7 (M =4338.2+0.7)

18.5




P/ as meson-baryon molecules

Yet, there are more factors in play:

(iv) Breit-Wigner param not ideal for near-threshold poles:
the P{p\s(4338) might be below threshold (bound/virtual)

Albaladejo, Guo, Hidalgo-Duque, Nieves PLB755 (2016) 337-342; JPAC Coll. PRL 123 (2019) 9, 092001

(v) Nearby D=} CC dynamics for the P/} (4459) (if JP =37):

V(D= - B=2) = <da ea)

€a Ca

This further reduces B; by a few MeV.

(vi) The P} (4459) might be two peaks / plus poorer statistics
check the LHCb paper on the P,As(4459)

(vii) The P/),(4338) might be the P2 (4338)

From our previous prediction in EPJC 82 (2022) 6, 574



P/, as meson-baryon molecules: EFT description

We will consider contact EFT with D_g*)/\c—D(*)EC dynamics

A %(da +d,) %(da —d,)
VC(Pzps) = L4 d d )
ﬁ( a— a) a
. _ ~ 2
Creates a width for P{p\s proportional to (d, — d,)
15 | | | F‘for BE‘= 515 l;/IeV )
A ~
Fexp(P ws)=7'0i1-2 MeV (da . da) too |arge:
= 10 1 excessive width.
=3
[—1 5 L - ~
M, T — d,, d,
ol (determines  spec-
1 09 08 07 06 05 04 o3 trum)



P/\

1»s @S meson-baryon molecules: predictions

Predictions for the spectrum (from mass and width):
Set By: P.s(4338) as input; Set By: Ps(4459) as input

’ System Potential Set By Set B, Type
DA, d, (4111.3)Y  (4153.7)V P}
D*A. d, (4256.7)"  4205.0  P)
DA\ ( 3 (da-di) ;i(da—&a)> 4254.8 42305 P,
D=, J(da=da) s Input 43167 P},
D; A < 3 (ds-di) ;i(da—da)> 4398.4 43752 P),
D= J5(damds)  ds 4479.2 Input P,
D=, d, (4297.4)Y 43363 Pl
D= d; (4442.7)Y 44775 P
Ds=. d, (4401.4)Y 44373  Pp
Dr=. 1, (4548.3)Y  4580.9  PI_




P/ as meson-baryon molecules
We consistently predict a P$5(4255/4398) (DsAe /| DEN).
But how solid is this? No clear consensus:

(i) LHCb manuscript: constraints on fit fractions
(i.a) P),(4338), f = 0.125 4 0.007 = 0.019
(i.b) P)(4255), f < 0.087 at 90% C.L.

Fit fraction of X in A — BCD (X =Pl A=Ay, B=J/$,C=AD=p)

[(A— XD — BCD) _ B(A— XD)B(X — BC)
r(A— BCD) B(A — BCD)

f(X|BC) =

Problem: B(P}),(4255) — J/WA) > B(P))(4338) — J/WA)

Solutions: production of P} (4255) smaller (likely from couplings),
P$5(4255) virtual, P$S(4338) virtual

Reminder: fit fractions also problematic for P[)’ pentaquarks (P77)

Sakai, Jing, Guo, PRD 100 (2019) 7, 074007; Burns, Swanson, EPJA 58 (2022) 4, 68; FZ Peng, MJ Yan, M

Séanchez, MPV arXiv: 2211.09154



P/ as meson-baryon molecules

We consistently predict a P\ (4255).
But how solid is this? No clear consensus (cont'd):

(i) Analyses of the J/iA spectrum:
(ii.a) Burns & Swanson: P)_(4338) triangle singularity,
no trace of a P}, (4255)
Fit w/ condition d, > 0: can’t reproduce narrow P) by design

(results in d, — d, too large for narrow state)
(ii.b) Nakamura & Wu: P$s(4255) virtual
Possible from small changes in our couplings

Both are possible solutions.
Or it might require better data (P$5(4255) ultra narrow).

And do not forget the Breit-Wigner issue!



P/>S as meson-baryon molecules: mini-summary

To summarize:

> P$S(4338) and P{b\s(4459) are probably compatible with each
other in the molecular picture with HQSS

» If either of them are molecular, we predict a P$s(4255)

However, these conclusions have a low degree of confidence.

Better data are required.



P$(4457) or P$(4457)?



PN molecular interpretation

Three c€ molecular pentaquark candidates:

mp, = 4311.9+0.775% Tp, =98+2713]
mp, = 44403+13%37 Tp, =20.6+4.9"5],
mp, = 445731£06111 Tp, =6.4+£20"37

Most likely molecular explanations:

P. ~ DY, Pe, Pz~ D*L. with isospin | = 1/2!

with binding energies By = 8.9, B = 21.8 and B3 = 4.8 MeV.

Add HQSS = prediction of seven PZV molecular pentaquarks



Reminder: HQSS for P, molecular pentaquarks

What are the implications of HQSS for the pentaquark family?

Molecule | JP | Without HQSS | With HQSS
Dy. |3 G G
br: |3 G C
D |3 G C.—3GC
D, |37 Cy C.+3G
DT |5 Gs C.— 3G
D*x: | 37 Co C.— 3G
bx: |5 G G+ G

Liu, Peng, Sanchez, Valderrama (19)



P’)’ as molecules: where are the seven pentaquarks?

LHCb preliminary

—=— cosf,, -weighted data
— total fit
—— polynomial

Weighted candidates/(2 MeV)
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At most four are observed (instead of six).

Note: the J = 5/2 D*Y . only decays into J/1p in P-wave,
thus less visible than the other six



P(4457) as Pf,: “production fractions” and isospin (1)

But there is also a problem with this ratio:

(Sakai, Jing, Guo, PRD 100 (2019) 7, 074007; Burns, Swanson, EPJA 58 (2022) 4, 68, PRD 106 (2022) 5, 054029)

_ B(A) = K~ P})B(P} — J/ip)
- B(Ay — K=J/4p)

Production fractions: JF(P.)

Experimentally:
» F;=0.30103%, 1.117039, 0537037 for P (4312/4440/4457)

» Or, in relative terms: F;/Fy =1: 3.73:3 1 (1.8+£1.2)
exp

and we would like to now how well this compares with theory...



P(4457) as Pﬁ: “production fractions” and isospin (I1)

Experiment: F;/F1| =1:3.7"33:(1.8+1.2)
exp

Let's assume the following:

"DC(4457)+> = cos b, |D*OZ;-> +sin6, ‘D*_Z'CH‘>

(a) If Pc(4457) is a P!/(4457), i.e. I =1/2or ) = —54.7°

then f;/]:l‘th —1:(0.867119) R, : (18718) Ry
with R; the ratios of B(AY — K= PZ).

(b) If Pc(4457) is a P{(4457), i.e. | =3/2 or §; = 35.3°
then /7| = 1:(0.867513) R, : (0.054°5882) Rs

th
(c) If Pc(4457) is mostly a P3(4457), i.e. 6 = 20.1°

then ]-",-/fl‘th —1: (0867119 R, (15714 R,

If R2, Rz = O(1), then option (c) is the preferred one.



P(4457) as Pﬁ: “production fractions” and isospin (I11)

Now we predict 6 states that are | = 1/2 (-ish):

\ Molecule (J7) \ M (I =1/2) \ M (I =3/2) \
Dr. (37) Input -
Dx: (37) 4376.275/, -
DL -D*"X T (7)) | 4464.47%% — (0.07%2)i Input
D, (37) Input -
DT -D*xrt (37) | 45313755 — (27557 i 451473
DL t-DErt (37) 4523.8193 4530.3759 — (1.97°2) i

Dx: (3)

4498110

Four of them easily observable in J/¢p, a fifth one
(D*OL:t-D* =i+ (JP = 37)) contingent on isospin angle

= In general, more compatible with exp. “fit fractions”

Also: the Pﬁf's can decay into A7~ D™ relation with the 2.350

structure in the previous talk (G. Robertson)?



P(4457) as P2: mini-summary

Problem with the production fractions (or “fit fractions”):
> If P.(4457) is N-like, we should clearly see six peaks
> If P.(4457) is A-like, we should see four to five peaks

But, again, the degree of confidence is low:

» The two missing peaks could appear once we have more data

» There might be reasons why the production rates are very
different for the missing pentaquarks

More data of the J/¢p spectrum will be needed.



Conclusions (list)

» How molecular is a state? Fundamentally, this is not
observable, but:
» Molecularness might make sense within a certain set of
assumptions (e.g. lowest orders within a given EFT),
but not always! (T vs P} (4338))
> Regarding the A-like pentaquarks:

> P),(4338), P} (4449) are easy to explain and relate as
baryon-meson molecular candidates

> But nature of P} (4338) still under debate
> Predictions of a few partners, most notably P/} (4255)

» Regarding the N- (or A-) like pentaquarks:
» Three to four clear peaks in J/vp
» Problem with the informal fit fractions for P.(4457)

» Both problems could be resolved by assuming P.(4457) to be
a A-like (instead of N-like) pentaquark



The End

Thanks For Your Attention!



Extra

Extra Slides



Isospin breaking: P, or P;_?

P.s(4338) close to D™=} and D°=0 = Isospin breaking
Potential in the D=2 and D™=} basis:

V(D=2 — D7 =) = (

Notice the dependence in (d, — d,)!

Ratio of the decay widths for a Py,:

M(Pus = J/UN) 1 pa
[(Pys — J/9X%) 3 ps

\Uc(o) - W,,(O)
v (0)+ W

For Pys = Pis from (0.5 —5.0)% = small
(i.e. we probably observed a P/).)



. . . A ZO . .
Isospin breaking: P, or P;_7? Wigner symmetry scenario

But if d, ~ d, = decoupling of D°=% and D™=} d.o.f.

Vc(DOE‘Z—D__+)_< f?dfddf) 12(&/ +_c7N;)> N <Cé §>

Reminiscent of Wigner SU(4) symmetry in NN!

Ratio of the decay widths for a Py is now:

C(O) - W,,(O)
Ve(0) + Wa(0)

[(Pys = J/¥N) 1 pp 2

[(Pys — J/UT9) ~ 3 px

1
~-Pr_ 053

3 ps

If close to this scenario = P.(4338) might be either PCS or PFE'



P/>S as meson-baryon molecules: phenomenology

What about phenomenological models? Our model:

(i) Saturation model w/ scalar and vector meson exchanges.
(ii) Calibrate model to reproduce P$(4312)

First piece, saturation:

e
|
|
i —
I
|
|

_—

The o, p, w contributions collapse into a contact

Reason: +/2uB < m,, m,,, m, = can't resolve interaction details



P/>5 as meson-baryon molecules: phenomenology

Saturation, how we do it:

(a) Scalar meson: the usual way

2 2

g g
Vsz—ﬁics()(—iz
m5+q ms

(b) Vector meson (isospin and G-parity factors implicit)

(b.1) Electric part: CE® o & (the usual way)

V)
my

(b.2) Magnetic part (spin-spin implicit): we remove the Dirac-delta

~2
vML fo q fo _ my,
M=
m

6M2 m2, 4+ g% 6M? 2 4 g

Reason: the Dirac-delta gives saturation at a shorter distance
scale (hadron size instead of vector meson range)



P/>S as meson-baryon molecules: phenomenology

Saturation, a few comments:

(i) Why a o7: vector meson alone not always qualitatively correct
Example: the two-nucleon system

g2 g2
Co%(1S0) o +10=% ,  CPP(3S1) ox +6°%
my, my,

p and w imply both repulsive, but not what we observe in NN
Reminder: 3 suspected molecular state in NN (the deuteron)

(i) Combining mesons with different range: RG equation

d

m
W Ve[W) =0 = C2H(A ~ my) o (—2)* Cs(ms)+Cy(my)
dA\ ms

(iii) Regularize, determine proportionality constant from a given
molecular candidate and then predict spectrum



P/\

»s @S meson-baryon molecules: phenomenology

Results: P{p\l(4312) as input, A = 1GeV, Gaussian regulator

System  /(JF) Bl Mool Candidate  M_andidate
AD 1 (37) (0.1)Y (4153.4)V - -
AD* L (17) (0.0)Y (4295.0)V - -
ADs  0(37) 24 4252.4 - -
AD; 0(37) 34 4395.2 - -
=D 0(7) 89 43274 P} (4338)  4338.2
=D 0(}") 110 4466.7 P} (4459)  4458.9
=D 1(37) (0.0)V (4336.3)V - -
=D 1(17) o1 4477.6 - -
=D 3(3) 12 4436.3 - -
=Dr L(7) 20 4579.2 - -




P/>S as meson-baryon molecules: EFT vs phenomenology

Comparison of RG-saturation with EFTs B; and B,
Set By: Pcs(4338) as input; Set B,: Ps(4459) as input

] System RG-Saturation Set B; Set B> Type
DA, (4153.4)V  (4111.3)V (4153.7)V P}
D*A. (4295.0)Y  (4256.7)V  4295.0 P
DA 4252 .4 4254.8 4230.5 Pl
DI, 4395.2 4398.4 43752 P,
D=, 4327.4 Input 4316.7  P),
D*=. 4466.7 4479.2 Input Pl
D=, (4336.3)V  (4297.4)V  4336.3 Pzzs
D*=, 4477.6 (4442.7)V 44775  Pr
Ds=c 4436.3 (4401.4)V 44373 Pp
D:=. 4579.2 (4548.3)V  4580.9 es




