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EXOTIC HADRONS AT LHC
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PENTAQUARK WITH 2 CHARMS

o In 2015 LHCb detected 2 pentaquark states with quark content céqqq,
P.(4380) and P.(4450), PRL115, 072001 (2015).

o In 2019 LHCD discovered P.(4312)" and resolved the previous

P.(4450) as two peaks P.(4440)" and P.(4457)", PRL122, 222001
(2019).
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2. P)'(4312)% As THE DY, MOLECULAR STATE
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BSE oF J” =0~ AND %”L CONSTIUENTS

o Bethe-Salpeter equation for a meson and a baryon reads

I(P,q,r) = / %(—M(k,q)[S(b)F(Rk,r)D(m)J.

1K (k,q) ~iK (k1L — q.), effective meson-baryon interaction kernel;
S(k2) and D(k1), propagator of the baryon and the meson;
BS wave function ¢ (P, k) = S(k2)['(P, k,7)D(k1);

L

Salpeter wave function ¢(g1) = —i [ d%fw(q).
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INSTATANNEOUS APPROXIMATION

o

Under the instataneous approximation, the BSE can be rewritten as
1
Mo = (w1 +w2)Ha(p21)p + ET ~YoI'(qL).
1

o Vertex I'(¢q1) is expressed as the integral of the Salpeter wave function,

M= [ %K(M —a)elkL).

[e]

Salpeter wave function
qL 5
o(P,quL,T) = (fl + fzz) v u(P,r)

=27 [leOO +—=fY1y + Y T =Y | A u(® ).

1
V3
Normalization condition

3
/ ?273;'321111 (f12 +f22) =L

[e]
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INTERACTION KERNEL

o Interaction kernels are calculated from the constituent particles
scattering based on the one-boson exchange.

o PN(4312) (minimal quark content ccuud) is taken as the DX,
molecular state with isospin I = = and I3 = +2

13.4) = 2|zt D7) - & [55) [DY).
o For P}/ (4312)", only the light scalar and vector meson contribute.

o Considering the isospin symmetry of strong interaction,

<27 2|Heff|27 2> = % <Ej+D7| Heff ‘ZJ+D7> - % <2C+DO|HQH|EjDO>
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EFFECTIVE LAGRANGIAN WITHIN THE HQET

o Involved Lagrangian describing the charmed anti-heavy-light meson
and a light scalar and vector meson reads

L =01 (HeoHz) — pyvi (Heva VO Hz) — pry (He0%" (00 Vs — 85Va)He) .
o H: represents the field of the (D, D*) doublet
i, = (D5, +iD7) L2
where D = (D°, D™, D).

o V denotes the 3 x 3 matrix consisting of the 9 light vector meson fields

(Pi/‘%w) p K*t

V= - _(-w) %0
P K
K*— K*O ¢
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EFFECTIVE LAGRANGIAN FOR BARYONS

o Effective Lagrangian of the heavy-light baryon and light vector mesons

LBeev = pv2 (SuvaVESH) +ipre (Su(0.Ve — 0,VW)S0) + 02 (S,.aS*)
o Baryon spin doublet

S, =

\/g(’YH + v#)’yBBG + Bg/.u

o Systematic baryon sextet Bg in 3 X 3 matrix

++ 1Lyt 1ot
Cur Vet P
B6 = 7223 Ec W‘:C
1=+ 1 =0 00
\/ﬁ‘—‘c \/ﬁ‘—‘c (&
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INTERACTION KERNEL UNDER ONE-BOSON EXCHANGE

o Under the one-boson exchange, the calculated interaction kernel for
DY, in isospin-%

K(s1) = F(s )<V1+V2fl‘>,

o The potential Vi and V>
Vi=—-20102M + M. Lo
1= 102 DE2 pvipv2MD Eg 2E2 )
1 2 1
M — = —
Va = —gpvipre p|s| (Eg EE) ,

o Propagator-type regulator function

2
m
F(s?) = —A
()= oz

where ma = 0.87 GeV is the only introduced cutoff parameter and the
value is fix by the hadron mass.
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3. STRONG DECAYS PJY(4312)% — J/i(n.)p AND DOAF
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INTERACTION BETWEEN J/4(n.) AND D®)

o Assuming symmetry of independent heavy quark spin, the effective
coupling between the S-wave charmonia and the heavy-light mesons
reads

<~
Lo = goTr (RH@H.) + H.c..

o S-wave charmonium doublet

1+ . 1—
R= Tﬁ(w”w +ineys) 3 %

o Expand to obtain the Lagrangians

Lo =+ ngDQLJ”LDa,,‘D

: 1 ro B * T *
—igyppr 3¢ £8,8 (DB D} + DO D)
P
+ gpp =" (D* 9, D}, — 8,D;, D™ + 28, D™ D})

+ gDD*nan(auDD*“ - D*™9,D)

+igp*p*n, e“”aﬂaunIDf,@aDE +He.c..

Me

QIANG L1 STRONG DECAYS OF Pﬂ\ (4312)Jr WITHIN THE BS FRAMEWORK 11-20



AMPLITUDE FOR P (4312)" — J/4¢p

o PJ,V (4312)" as the DX, molecular state can decay to J/¢p by
exchanging either a D or a D* virtual meson.

J/Y. py po J/bip

Pps D2 v b, P2

o Invariant amplitude for P,iv (4312)* — J/vp by exchanging a D

Ay = / (ST’;w—igNch )4° [S(k2)T (P, k, 1) D (k1)) (99 pp) D (ks) (e ke,

d*k
Tiau(P,r) = 75/(27)4
= (s1PYa + 52p]5a)u(P, r).

[S(k2)T(P, k,r)D(k1)] D(k3)kia
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PJY(4312)* — J/1p BY EXCHANGING A D*

o Amplitude for P}’ (4312)* — J/4p by exchanging a D*

1
6P104BMTQBU(P, T),

A2 = (gs.ND*gupp+)er tay" (=) —
M,y

d*k
TPu(P,r) = / i [SC2)D(P. ) D(k)] Dk

o Perform integral over kp to obtain

Bk 1 _
TzﬁU(RT):/(%PTm (af@++a§¢ )

o Perform the numerial integral to express the amplitude by form factor
Az = (gypD*gs.ND* )i U (s1v Y + s2v Pa)u(P,7).
The following identity of the Levi-Civita symbol is used

irue®? =7 (v =™ 1 g™ = 4.
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PJ(4312)" — D*OA}

o Strong decay of P, (4312) — D*°Af is similar with that to J/4¢p, just
J /4 replaced by D*° p replaced by AT, and the propagator D™
replaced by the 7(p) respectively.

o Effective Lagrangians
Lppey = 9pp-¢(D™) 9.0D,
Lrones = (~D)gnczoohersEed,

o ¢ is the 3 x 3 traceless hermitian matrix of eight pseudo-scalar meson

fields,
=0 + +
EtHET K
— - 0
|
K K v

o Amplitude by exchanging a m and a p respectively,
As = (ga.s.690% Do) (€7)" U2 (54P7a + SsPPa) u(P,r),

As = (9p*Dpga.s.p)el” U (34V7a + 35Vpﬂ) u(P,r),
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PJ7(4312)* —n.p BY EXCHANGING D*

o Decay to n.p can only happen by exchanging a D*
As = (gvp*x,gn. DD+ ) U2Tsu(P, 7).
o Ts is expressed by the integral over BS vertex as

Tou(P.r) = [ (" OIS ()T (1) Dk )| De k)

BPhy 1 o 2 _
- W%}g Pr) Z cidap(yi) " + ciradap(yivs)e ]
=1

= ssvysu(P,r).
o Similar for PJ,V (4312)" — DAY by exchanging a p

As = i(9a.x.v9ppv)t2Teu(P,T)

Tou(Por) = [ (" OISl (k1) Dk )| Di (k) = sovy5u(Por)
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DECAY WIDTHS

o Amplitude for P, (4312)* — D*°AF
AP} (4312)" = D™AT] = Au + As = e%ta (84’7a + 5513'(1) u(P,r).

o s4 and ss are related to the coupling constants

84 = gp¢D* I cpAcSAP T DV D* IS VA SV,

85 = Jp¢D*ILcpASSP T JDV D* S VAL S5V -

o Partial decay width of P, (4312)" to J/¢(n.)p or D"OAF

P 1
D[Py (4312)" = MpyB) = oLl S

™T1,T2

where CT denotes the isospin factor.
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4. NUMERICAL RESULTS AND DISCUSSIONS
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POTENTIAL AND RADIAL WAVE FUNCTIONS
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MASS AND FORM FACTORS

o Obtain bound state mass Mpy, = 4.312GeV in I = % with
ma = 0.87GeV.

o Qur results do not support the existance of any radially excited states,
which is robust even under the £50% change of V().

o Obtained numerical form factors for decays to J/v¢p and D*°AT,

s1p=1.1x1073, s0p = 1.9 x 1073, 51y = —4.1 x 1072, soy = 7.6 x 10™%;

sap =75 x 1073 s5p =6.0x 1072, 54y = —8.7 x 1072, s5v = 1.2 x 1072

For decays to n.p and DOAj, the obtained form factors s3y and seyv
are

s3y =5.1x 1072, sgv = 3.6 x 1072,

QIANG L1 STRONG DECAYS OF Pﬂ\ (4312)Jr WITHIN THE BS FRAMEWORK 18-20



DECAY WIDTHS AND COMPARISONS

o Comparison of decay widths for Pi,v (4312)* to J/v(n.)p and DHOAF
with other works in units of MeV.

o Theoretical uncertainties are induced by varying the coupling
constants by +5% in the effective Lagrangian.

o The sum of the 4 decay widths are ~ 9.1 MeV which amounts to
~ 93% of the total width I'rey = 9.8 + 2.775F MeV [1].

Channel | This 2] [3] [4] [5] [6] 7]
—0.04 0.92 — 19.5
J/pp | 0177004 0.32£0.08 1.67102% 1073 ~0.1 0.033 (3~8) 9.3%.%
—0.016 +0.75 — —0.24
mep | 008570018 0.98£025 554%050 1072~ 04 0066~ 0.267073;
DA | 88715 - - 10.7 6.16 - -
DOAY | 0.02670:08 - - 0.3 0 - -
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DISCUSSION AND SUMMARY

o The main difference between .J/4(n.)p and D*) A, channels stems
from the much heavier exchanged particle D* in the former one.

o Obtained partial decay widths are directly dependent on the

coupling constants gy pp, gypp*, gNDE., gND*5., and gpp«y, in
the relevant effective Lagrangian.

o A variation of £5% in every coupling constant induces about
~ 20% relative uncertainties.

o Interpretation of Plf)v (4312)" as the DX, molecular state with

JP =17 and isospin I = 1 is favored by this work.

o D*YAF is a much more promising decay channel to be discovered
in experiments.
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DETAILS OF ONE FORM FACTOR

o First perform the integral over kp to obtain
Trupr) = v [l L atot +age0).
o Two coefficients a; and as behaves as
al = c1z7 + c2x5 + c3xy,
ay = cax§ + c5x5 + e,
where z; = k1(kp = kp;) with (¢ = 1,---6), and kp;s are defined as
kpr =1, ke =G5, ks = (3, kpa = (1, ks = Co, kpe =G5,
(5 =—(aM Fw), & = (M Fw), GG = (E1 — arM + ws)

o The coefficients ¢;s (i = 1,---6) are defined as

1
“aw = wy +ws F By’
(=
26 wo + w3 F By’
B (’wl + w2 F M)
C3(6) =

(w1 4+ ws = E1) (w2 + ws F Ez)’
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