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OUtI | ne exotic states: difficult to accommodate
within constituent quark models

* DD"scattering and y.1(3872) in nuclear matter

* Properties of the T..(3875)" and T:5(3875) in
nuclear matter

e The D},(2317)* in matter: charge-conjugation
asymmetry and molecular content



HADRO-
QUARKONIUM

w. |TETRAQUARK

Events /{ 0.005 GeV )
B 4 1

=

GLUEBALL 15

HADRONIC
MOLECULE

gﬂil l 3.84 J.86 a.Ba 3.9 3.92
HYBRID M/ o o) (GaV)
Picture by Soeren Lange =+ . + 4+ —
¥.1(3872) aka X(3872), JP€ = 1+ B* — K=a"m" J/4s Decay

First charmonium-like state discovered [Belle, PRL91 (2003) 262001 | (> 2500 cites)

the mass of the x_,(3872) was found to be 3871.64+0.06 MeV, just 70120 keV below the D°D*? threshold and
the width is of the order of 1 MeV. The proximity of the xc1(3872) the D°D*? threshold — Breit-Wigner function ??
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First charmonium-like state discovered [Belle, PRL91 (2003) 262001 | (> 2500 cites)

the mass of the x_,(3872) was found to be 3871.64+0.06 MeV — just 70+120 keV below the D°D*? threshold
the width is of the order of 1 MeV. The proximity of the xc1(3872) the D°D*? threshold — Breit-Wigner function ??



X1 (3872) in the free space: study DD* scattering
in the (1)J¥¢= (0)1** channel

T =V 4+ VXT, Bethe-Salpeter equation:
e restores elastic unitary
* poles FRS & SRS: bound states, resonances

] E:} (}'HS) I - Fy ) P,: molecular probability
V(is) = — . S — mg :
( ) Eg(rﬂa) [Z(}(Jﬂé)]_ P, ( ﬂ) (Weinberg)

m is the mass of the y.;(3872) in the vacuum
e meson propagators in the free space

[ dYq _
Zyw(s)=1i 2 ) Ay(P —q)Aw(q)| DD* loop function in the free space




X:1(3872) embedded in a nuclear

medium: study DD* scattering in
presence of nucleons

T =V 4+ VXT, Bethe-Salpeter equation:
e restores elastic unitary
* poles FRS & SRS: bound states, resonances

! (1202 ' P,: molecular
V(S) — l — Zﬂ(mﬂ) 5 L =% (5 — n;é) p(r)obability (Weinberg)
To(mg) [Zo(m2)]” Fo

my is the mass of the y.;(3872) in the vacuum /

o meson propagators in the nuclear medium

[ d'q _
Zyw(s)=1i 2 ) Ay(P —gq)Aw(gq)| DD* loop function inside of the

nuclear environment
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A ; [ [ [
r(q:p) (¢")? — w2 (G?) |y (q°. G; p)| = meson in the nuclear medium acquires a

) /oo dw( S.1g)  S(.1g) ) density-dependent self-energy
— Jo P —w+ic P +w-—ic
\ Killen-Lehmann representation
with wy (g ?) = vVm; + g *. From the above equation, it fol-
lows that for ¢° > 0

X-1(3872) embedded in a nuclear

1 . - .
SD(*>,5(*>(q0,q*;p)=—;Im Aps 5", G p) medium: study DD™ scattering in
presence of nucleons

= _ImHD(*),E(*) (qoa q; p)

y |AD<*),5(*>(Q()’ q; 10)|2
4 T =V + VGT, Bethe-Salpeter equation:

spectral function is determined * restores elastic unitary
by the self-energy * poles FRS & SRS: bound

states, resonances

d*q
o (s:p) = [ retfsu o i)

meson
propagators
in the nuclear
medium
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Nuclear medium spectral functions:
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vCSU: D®IN and D®N potential, C. Garcia-Recio et al PRD79
(2009) 054004

ggSU: charmed meson-baryon loop in nuclear matter. We

consider Pauli blocking effects on the nucleons together with
self-energy insertions of the D™ and D™ mesons. The self-
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Xc1(3872) embedded in a nuclear medium: study DD* scattering in presence
of nucleons.

f{j[‘l the IC — D_|_ Chﬂﬂﬂ&l, | m,, is the mass of the y.;(3872) in the vacuum

Loy (S;ﬁ)—[ (5)] [‘E(S;ﬂ)J

I Ea(mé) I - Py 5 | P,: molecular
% — | — m2 " .
A(s) ZD(FH%) [ZQ(HIS)]E P, (5 mﬂ) probability (Weinberg)

o l > | |
0 L] —
Jow (€2, |P|)——[ 4G [ da:Sy(w, |P - §)) E(Pelplap)_4ngfo dQ( O—Q-|—I'8_P0-|-Q—1'8)

pa w(Q—aJ, |(t|)

X (Jppr(£2, |P|)‘|‘fD* (£2, |P|))
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The nuclear environment modifies the spectral
function of the X(3872). Note that the X(3872)
has a well defined charged-conjugation (C=+).
Next we will study exotic states which do not
have well defined € —parity = nuclear medium
breaks charge-conjugation symmetry
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- i 40 Table 1| Parameters obtained from the fit to the D°D°z* mass
B | '—HQE’ ~ 35 spectrum: signal yield, N, BW mass relative to the D+D°
60 — | 91b ‘o 30 mass threshold, 6mg,,, and width, I';,,. The uncertainties are
- i 2 o5 statistical only
50 — 4 i § 20 - Parameter Value
- | = 12 g N 1716
ﬂ“; 40 i f—f 5 dMgy —273+61keV c?
3 - i + Data 0 Tpn 410 £165keV
o B + +
§ 30 - i E];“a"’ckgfooﬂz My, (GeV c?) | LHCb: Observation of an exotic narrow doubly
S 0 | Total charmed Tetraquark, Nature Phys. 18 (2022) 751
> oo | D**D° threshold — 350 cites
- + — D°D* threshold + N
1 ! (3875)
o B g T8
NS, :H# + JrH Jr | +| + # colorless compact tetraquark structure?
- M | | '
L | | l D*D hadron-molecule?
3.87 3.88 3.89 3.9
Mpepeg: (GeV ¢

Conventional, hadronic matter consists of baryons and mesons made of three quarks and a quark—antiquark pair, respectively.
Here, we report the observation of a hadronic state containing four quarks in the LHCb experiment. This so-called tetraquark
contains two charm quarks, a U and a d quark. This exotic state has a mass of approximately 3875 MeV and manifests as a
narrow peak in the mass spectrum of D°D°wt* mesons just below the D**D°%mass threshold.
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colorless compact tetraquark structure?
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Conventional, hadronic matter consists of baryons and mesons made of three quarks and a quark—antiquark pair, respectively.
Here, we report the observation of a hadronic state containing four quarks in the LHCb experiment. This so-called tetraquark
contains two charm quarks, a U and a d quark. This exotic state has a mass of approximately 3875 MeV and manifests as a
narrow peak in the mass spectrum of D°D°n* mesons just below the D**D°%mass threshold.



Tx.(3875) & T--(3875) embedded in a nuclear medium which
produces a charge-conjugation asymmetry

one might expect that line-shapes are not longer identical...

In the molecular picture,
T t.(3875) = D*D state DO « cp

T:+(3875) = D*D state D™ ~ ¢

the nuclear environment would induce different modifications to
charmed D*D than to anti-charmed D*D pairs of interacting mesons

because the different strength of the DN and D®WN
interactions, which should lead to wvisible changes among the
medium properties of the T,.(3875) & Tz (3875)
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Ay(q; ; i i
r(q:p) (¢")? — w2 (G?) {y(g°. G: p)] <= meson in the nuclear medium acquires a

density-dependent self-energy

0 @ —wt+ic ¢"+w-—ie \
with wy (%) = ¥m3 + G . From the above equation, it fol-

lows that for ¢° > 0

Kdllen-Lehmann representation

1
SD<*>,5<*) (qo’ g: p)= —;Im Al)(*)ﬁ(*)(qoa q;p)
T =V + VXT, Bethe-Salpeter equation:

0 ) * restores elastic unitary
A %) (x ’ _);
x Epepe 4 0F * poles FRS & SRS: bound
TT
states, resonances

= —ImHD(*),E(*) (6]0, q; /O)

spectral function is determined

by the self-energy
_ d*q
Zyw(S; p)= ’-’/ o A UaVACY




T-'(s: p)=V; ' (s)|— Z(s; p), DD* scattering amplitude
T_](s; p) =V, ()= Z(s: p), DD* scattering amplitude

> foo(Q:ip)  [fpp(Qip)) |
{Pfo dQ(E—S‘zHa E+§2—58) i oo (E p)},

22

| > Iop:ip)  fop(Qip)\ .
2}?2{?]{; dQ(E—Q-I—fE E—I—Q—I'S) it fp(E .‘O)}a

where P stands fef the principal value of the integral and, in addition,

A €2
fuw(2: p) =f dqqu do Sy(w, |Gl p)Sw(Q —w, |7]: p).
0 0

DD* and DD* loop
functions inside of the
nuclear environment

Y(s; p=0) = X(s; p=0)inthe vacuum!



0; p) [GeV 2]

Sp(E,q

0;p) [GeV 2]

Sp(E,q

E [GeV]
10 -
— p=0.1pp 4
—— p=05pp
L — p=1.0pp
1.8

0;p) [GeV 2]

Sp+(E,§

0; p) [GeV 2]

S.D* (E‘T

0

1.5 16 1.7 1.8 1.9 2
E [GeV]
10 T
- —— p=0.1po
—— p=0.5p0 —
- —— p=1.0p0

— p=0.1po
—— p=0.5p0
— p=10p0

.

/

AN

O L
1.85 19 195 2

E [GeV]

|
205 21

Nuclear medium spectral functions:

L. Tolés, C. Garcia-Recio, JN, Phys. Rev.
C80 (2009) 065202; Phys. Lett. B690
(2010) 369

e C. Garcia-Recio, JN, L. L. Salcedo, L.
Tolos, Phys. Rev. C85 (2012) 025203
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CHARMED, STRANGE MESONS JSON INSPIRE Q,

(C=+1,8=41)

(including possibly non-g g states) N OW We St U d y t h e
D} =¢3, D, =% s, similarly for D's . p + .
iIsoscalar J© = 0™ exotic
* +
DSU(2317) I(JP)=ﬂ{ﬂ"‘)},Pneedcunﬁrmaticn. resonance D;O (2317)i

AUBERT 2006P and CHOI 2015A do not observe neutral and doubly charged partners of the D;ﬂ{2317]+. See the review on
"Heawy Non-gq Mesons."

 quark content: cs, Cs

D%y (2317)* MASS 2317.8 £ 0.5 MeV v .

Y
My (2317)* D, 349.4 4+ 0.5 MeV v |t cann Ot be
D'y (2317)* WIDTH < 3.8 MeV CL=95.0% v

accommodated in

CQMs: around 100
Scale Factor/ MeV IIghter than

D,(2317)" DECAY MODES

D,(2317)  modes are charge conjugates of modes below.

Mode Fraction (I'; /T) Conf. Level P(MeV/c)

r, Dl (100*3)% 298 v eXpECted

e A = R * |Molecular pictu re

Ty D (2112)y < 6% CL=90% v — —

Ty Diyy < 18% Cl=95% 323 v D K and D K

T's D(2112) " x® < 11% CL=90% v

s Dirtx <4x10°3 a=90% 194 ~ KN and KN interactions

Lr Dieted not seen 205 v very different!
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Real and imaginary parts of the DK and DK loop functions inside of the nuclear environment

— p = 0.25p9

—— p = 0.50p¢9
p = 0.75p0

— P = PO

T T T [ T T T T [ T T T T [ T T1
i
|
o

|

—————

2250 2300

2350 2400

E [MeV]

IS

I
S
O .

2250 2300 2350 2400
E [MeV]
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mesons. Larger charge-conjugation asymmetry = different pattern of
density corrections to the line-shapes of D}, (2317)" and D, (2317)~
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CONCLUSIONS

Experimental analyses on the in-medium properties of X(3872) and comparison of those
with the results of the present study can increase our knowledge of this resonance and
help us gain useful information on the not-well-known structure of this exotic state

Particle-antiparticle  [Dg4,(2317,2460)" & Dgy4(2317,2460)7] line-shapes are
necessarily the same in free space, but we have found different density patterns in
matter. This large charge-conjugation asymmetry mainly stems from the very different
kaon and antikaon interactions with the nucleons of the dense medium. Medium effects
strongly depend on the molecular contents

With increasing densities and molecular probabilities, the D:,(2317)* peak shifts
towards higher energies and becomes less broad than its charge-conjugation partner
D:,(2317)~, whose wider Breit-Wigner-like shape moves more noticeably at lower
energies. At half normal nuclear matter density, the change is already so drastic for
high molecular component scenarios that D};,(2317)" and D;,(2317)" line-shapes
hardly overlap.



Effects violating charge-conjugation symmetry are larger than those found for the
T..(3875)" & T-:(3875) tetraquarks embedded in a nuclear environment.

In summary:

The nuclear environment modifies the spectral functions of the exotic
states. Moreover, for those states with not well defined C —parity, it
breaks charge-conjugation symmetry, and induces different particle-
antiparticle line-shapes. If these distinctive density dependencies were
experimentally confirmed, it would give support to the presence of
important molecular components in these exotic states. This is because
if these states were mostly compact four-quark structures, the density
behavior of their in-medium lines-shapes, while certainly different,
would likely not follow the same patterns found for molecular
scenarios
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