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Motivation: observations on P,

P.(sy masses and widths [MeV]
o P.(4312): M =4311.9+0.7158 T =98+2713]
o P.(4440): M = 44403 +1.3%71 T =20.6+4.975/,
o P.(4457): M = 44573 +0.6%71, T =6.4+2.0"/
o P.(4459): M =4458.8 £2.9717 T =173+65%%9
o P.(4338): M =43382+0.7, [=7.0£12.

Double-peak P.;(4459)
© Posi: M=44549+£27, [ =754+97
© Pesp: M=44678+£3.7, [ =53+53.

Thresholds
o Y.D:4320.7; Y. D*:4462.0;
o =/.D :4446.0;=.D* : 4478.0;=:D : 4513.2; =.D : 4336.3
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Motivation: explanations on P

Non-molecular state
@ Threshold cusps:

@ Hadrocharmonium:

@ Compact P.:

Molecular state
@ QCD sum rule:
o Cont. EFT:
e Pionful EFT:
e OBE:
°

Vector-meson Exch.:
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Model on EFT and light meson saturation

EFT inspired OBE

@ The S-wave antimeson-baryon interaction in contact-range
(P'|Vc|B) = Go+ G511 - Sio,

with Cp and Cj their respective couplings, and with §L,- = §L,-/ |Seil
the normalized light-quark spin operator of hadron i = 1,2

Saturation: ( = +1 for P,
@ The Cp and C; are saturated by scalar and vector meson exchange.

Vs = — 851852 Ic
m%—i—c? 0
Vy = (¢ + Tho) gv1gv2’ +fv1fv2 m?, g § i
14 12 m%/—i—c? Co 6M2 m%/+ﬂ2 L1 L2 )
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Model on EFT and light meson saturation

Couplings

@ gs = 3.4 and 6.8 for the charmed mesons and baryons, respectively.

@ gy = 2.9 and 5.8 for the charmed mesons and Z(C*) baryons and

gy = 2.9 for the =X/*) baryons.

@ the magnetic-like couplings we define fy = Ky gy with
v = 3 (u/pn) for both charmed mesons and baryons (£, &%, =L,
=%), with pp the nuclear magneton and p, ~ 1.9 up.

Mass inputs
@ ms = 475MeV (i.e. the average of its 400 — 550)MeV.
e my = (m,+ m,)/2=T75MeV.

@ The extension to the other molecular configurations can be done by
modifying the vector meson masses to the K* and ¢ vector mesons.

@ M = mpy = 938.9 MeV the nucleon mass.
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Model on EFT and light meson saturation

Saturation
o o-exchange: Cg (A ~ ms) oc —£182 CP (A ~ mg) o 0
S

@ vector-meson Exch.:
G (A~ my) oc 84822 (¢ + Tia), €Y (A~ my) o 5882 (¢ + Tha),

RG evolution

@ Owing to ms # my, the regularization scale for the saturation of the
Co coupling by mesons is not identical. Considering RGE of V¢,

d
WV v) =0,

o If W(r) ~ r*/? at distances r ~ 1/A

, d/\ {C/&\)} =0, with o = 1.

o C(A=my)=Cy(my)+ (%) Cs (ms)
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Model on EFT and light meson saturation

Inputs
o Ve =Gt (5) 7 (8) with £(x) = e
® LS Eq.: 1+ 2pioi C2 [ & =0
. mol “mo] (27r)3M bt q —Mmol ,

with a ref. P)(4312), C3f = —0.80f8.é‘1‘ fm? for A = 1 GeV.

T

Predictions

2(9
@ Single channel: 1+ 2/1,;C Rmolf ( 2(3) —0,

! Mth+2‘u‘ioli mol
with the ratio between the relative strength of the coupling:

Hmol Csat

t
HMref Cf:f

Rmol

0 Ruol > 07210815 (Ryq < 0.721013) |,
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Model on EFT and light meson saturation

Errors

@ The uncertainty of the mass of the Pq’pv(4312), sab — —0.8070 31 fm?

ref
@ The uncertainty of the mass of the scalar meson,
mg = (475 +75) MeV, i.e., equivalent to the mg = (400 — 550) MeV.

@ Choosing the largest of these two sources:

AMyo1 = minmax{ M, (CS‘ert 3E ACE(?ft) — Myol,

ref

Mmol (mS + AmS) - Mmol} )

"minmax” refers to the maximum (for the positive error) and
minimum (for the negative error) number within the list.

v

@ Widths of charmed hadrons are not included. i.e. [(X}) ~ 15MeV. )
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Predictions on P, spectrum

System 1(JP) Ruol Mol Candidate M andidate
AD 1(RA7) 069 (41536 03P\

AD* 1(1737) 072 (4205.0°0%B)V

ADs 0(3) 0.86 4252.5733

ADy 0( 37) 089 4395.213%

=D o) 1.00 43274789 P} (4338) 4338.2+0.7
=D 0(i37) 104 44667178 P).(4459) 4458.9733
=b 1) 072 (4336. 3*° 2BV

=D* 1(37.37) 074 44776737 o)

=b, 1) 0.82 443633@

=D L1(.37) o085 4579.2'3%70

System /(JP) Rmol Mol Candidate M andidate
D L1(37) 1.00 Input P’V(4312) 4311.9788
D L1(37) 104 4376.0%7 Pl(4380) -
¥.D* 1(17) 085 44507733 PQ’(4457) 4457.3T44
YD 3(37) 113 44452700 PlV(4440) 44403717
w:D0* 1(17) 082 45254733V - -
¥:D* 1(37) 096 45203133 - -
¥:D* 1(37) 119 4505.813%° - -
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Predictions on P, spectrum

Coupled channel scattering
@ When there are two nearby meson-baryon thresholds with the same
quantum numbers, we will use the previous equation in matrix form
Pq__ ~(3)

ba+2und ¢sCRLE / =0.
g (271-)3 Mth(B) - g_; — Mol

Channels System I § My AMEEI Candidate M ggigaee
(1) AD5D A.D* 0(37) 0 4291.0%33 —4.0@ o -
s.D 0(17) 0 43158442 —(6.6"32)i +39  PY(4312) 4311.9:6% — (4.9*)i
Q) AD,ED AD, 0(;) —1 4251.8%3% -0.6 - -
=D 0(17) —1 43281254 — (1.12}3)i +0.7 P (4338) 4338.2£0.7 - (3.5 £0.6)i
AD: 0(37) -1 4393.5%}] -1.7 - -
(3)AD}-E,D-E.D* 2D 0(17) -1 44336258 — (0.5 0.2)i 43 - -
=D 0(47) -1 4468.8:54 — (3.0533)i +1.1 P (4459) 4458.913F - (8.752)i
o AD; 0(37) -1 4394.0232 -12 - -
D ADED-ED = p 0(37) -1 4464.6*%) — (0.6*3%) i -2.1  Py(4459) 4458937 - (8.753))i
=D 0(37) -1 4503.8:57 — 2.0:2)i +1.3 - =
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More predictions on P, spectrum

System l(l" ) Ruol Mot Candidate Meandidue System  1(J") Ruol Mol

D §(5) 1.00 Input PY(4312) 43119763 5D (17) 057 (431687 2)
%D 13 1.04 43760770 - - (37) 0.58 (4381. s”“')v
ID' 5(3) 085 4597533 P (4457) 445734 (17) 0.96 4455.6534
5Dt 1(ED) 113 4445200%¢ PJj(4440) 4440.3%43 (37041 -

o0 Ll L) = 7) 1.07 4514.6%3
D 3(30) 082 4525437 @) 5 e
D 1) 0.96 45203+53 s @ (3 079 4526.1 5
5Dt 1(30) 1.19 4505.8:1%° = = ) 032 -

1(37) 0.65 (4445899, — (0.1789,) )"
1(37) 0.65 (4513.019%, = (0.055,) )"
147 102 45502'12}

1(37) 0.50 (4647.5%33

1.02 4435.9:73 - -
1.03 45025473 - -
0.88 4584.22% - -
1.16 4568.8+15° - -

— (4.6+170 ) j)V

d —24(R) —4.6(R)
0.84 4652. 5*"“‘ - - 1(4) 112 4622.5%6¢
0.98 4646. 9*‘8 - - 1(37) 0.85 4651.9723 = (0.0 £ 0.0) i
1.22 4631.8;‘,;‘ - - 1(37) 042 (4656.2435%, — 9-8:3%0) D" |

0.96 4417.3+2 - -
0.98 4481.674 -
0.84 458194 — (0.6%Di - -
1.08 4556.4*7% =,
0.81 46474533 - (1.8 D)i - -
0.94 4625. 5*1 ; - -
1.13 4618.6:3] - -

)
)
7) 0.72 4560.2:23 — (1.5:9%)
$(37) 0.73 4630.63%° — (1.5:09)i
) 1.07 4680376
) 0.59 47049193 — (4.734)i
) 117 4742.8529
) 0.92 4769.3‘“ —(0.1£0.0)i
1(37) 052 4778. 2 _ (6.5453%)i
)
)
)
)
)
)
)

“T=19
1.01 45429439 N B 0(1) 0.78 46631050
1.02 4610. 0*“? S 0(27) 0.79 4733 6+07(v»

7) 0.87 4699. 6*”‘
7) 113 4681.0%%
) 0.84 4770834 - (10D - -
) 0.97 4752.033 - -
) 119 4746.323% - e

059 - - L12 4792.9:'{;
0.67 (4807.020)
120 4857.94313

0.98 4871.




Predictions on charmed baryons

Couplings
o a9 (AN,'Sp) = —3.1fm, ag (AN,3S;) = —2.9fm, ag(AA) = —1.3fm
obtained with g,an = 3/4g,nn-
0 gs=10.2,gy =29, 4, =1.9 and ps = —0.6.

Hadron o 8p I g Kp Kw K
D,D* | 3gs | ev &v 0 Shu  3hu 0
Di,D; | 385 | 0 0 2gv | 0 0 —3pus
N gs | v 3gv 0 iy 34y O
A 0.75gs | 0 2gv V2gv 0 0 —3 1
)X 8s 2gv  2gv \/EgV Hu My —Hs
= gs | v gv NV2gv | —Sps —Spa 2us
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Predictions on charmed baryons with A = 0.75 GeV

I JT[Ruol(AD) Buol
0.60 (2.2)V
062 (1.7)"
062 (L7)"
0L o079 0.6 2805. 61?; 1.20 (2765)
0 L7 o044 16)V 29324147 0.66 b
31
0 37||1 (Input) 7.9 151 (2940) s
1 066  (0.6)" JVI[T (nput) 62 2800.0 ¥.(2800)  ~ 2800 [31]
117 o2 (0.0)" ) 09 104 2037.1413
13 066 (0.1)" ) 5.7 2941.8%0¢
01 [ 054 (50) (3079.0555)" 0.4 30836+ 0.2
0 051 (7.0)V  (3220.9532)Y 0.0 3227.999V)
0 3 059 (30)Y  (3224.9423)V 14 32265 '*” ”(‘)
T 31645705 10.6 31.\n.q*§§ = =
1 05,3109V 107 32047131 - -
138” 3305.2192V) 125 32029114 = =
5 (2979.61%3 1.3 2981.7% - -
(3121.6% 18 ; (3123) 3122.9+1.3 [31]
(3121.6% 18 (3123) 3122.9 +1.3 [31]|
= 28.1 E.(3055) 3055.9 £ 0.4 [31]
5.0 -
- s R R
73 = E
3 84 3. - -
s V (3201 7*""“”) 84 3193, 2*3; o -
e 3286. '*23 16.6 3270.0507 - -
i 242 3406.31%2 & 2
5 15.3 3415241 -
01l 3182.7733 23.9 3161 1‘*‘“ 0.(3185) 3185.1575 [26]
04i” 3319.37%5 36.7 3290.2775; -
0 3 3324.8%3% 209 3306.01]7 || Qe(3327) 3327.1:{§ [26]
1 3185:5503070 9.8 - E
i1 3326. 8:2 ),“) 11 -
i 3326.872V) 111 s -

Mar 1st



@ The contact range interaction is derived from the combination of the
RG evolution and exchange of light-mesons (o, p,w) .

@ Assuming Pl’ﬁv(4312) is a DY bound state, we approximately
reproduce the masses of the Pl’pv(4440) and Pﬁ(4457) as J =3 and
% D*Y¥ . bound states, as well as the narrow P12’(4380).

e D=, and D*=. states with masses of 4327MeV and 4467MeV,
respectively, corresponding to the P{/}S(4338) and the P$5(4459).

@ The D and AD* bound states corresponding to the =.(3055/3123).

@ =D and =D* bound states with masses matching those of the
recently observed Q.(3185) and Q.(3327).

Mao-Jun Yan (ITP,CAS) Molecular P, pentaquarks from light-mesor Feb 26th- Mar 1st, 2024, Mohali16 / 20



@ The contact range interaction is derived from the combination of the
RG evolution and exchange of light-mesons (o, p,w) .

@ Assuming Pl’ﬁv(4312) is a DY bound state, we approximately
reproduce the masses of the Pl’pv(4440) and Pﬁ(4457) as J =3 and
% D*¥ . bound states, as well as the narrow P12’(4380).

e D=, and D*=. states with masses of 4327MeV and 4467MeV,
respectively, corresponding to the P{/}S(4338) and the P$5(4459).

@ The D and AD* bound states corresponding to the =.(3055/3123).

@ =D and =D* bound states with masses matching those of the
recently observed Q.(3185) and Q.(3327).

Thanks!
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Backup: One-pion-exchange

OPE in D*D scattering, .z peng et al, PRD 102 (2020)
g2 2 gt
o V(G) = —gz701- 02 |:q__mﬁr+"'}

o COPE(u~my)~0, COPE(u~m;)~0
(*] C()(,M) = C1(N)51 . 52 =—-A

20 T T T T

151

| — OPE potential
10 ’
— Contact-range potential

a, [fm]
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Backup: Error from the input

300
Ref = P",(4312) ---- |,
200
% //_,
2 100
p _a
£ o g
-100

FIG. 1. Dependence of the wave number of a molecule (Yo, in
MeV) on the molecular ratio Ry (defined in Eq. (20)) when the
reference state is the Pg(4312). This dependence is calculated by

solving Eq. (19) with A = 1.0GeV, C,“:; = 70.80fg(',f fm? (given
Analytic loop integral
435 f2(4 2 /72 V2
o [ (2773’3 qg") = bmgl |/27A — 262" /Nryerfc (Y22 )|,
Min+ 2lmol — Mimol

with v = \/2u (Mg, — Mye1). Solutions for which v >0 and v < 0

correspond to bound and virtual states, respectively.
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SU(3) decomposition

I:ICTC
D) = = 1) \ﬁs zc(o»:\/?b—
H.S.

D) =+ 218+ 2210, [B=L0) =~ + 2110

|DSE’C>:+7|8> \[|10> |DQ.) = — \/>|8 +—|10

The octet pieces of the H.T. and H.S, pentaquarks generate mixing. This
requires the spin-spin / M; component of vector meson exchange, and it is
expected to be weaker. Yet, the mass difference between the thresholds
involved is not particularly large (e.g. the D*=. channel with the DE’C or

D= channels), making this effect more important than naively expected.
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Backup: coupled channel scattering

® The J =% D*A. — DX potential

_ _ \70 —_Wo
V (D*/\C — ch) - < —WO Vo > )

@ The J = $DsAc — D= potential

1\/S  2y/0 V2 (7S _ /O
V (Dehe — De) = \/gv“:3‘fo 32§5V 1Yo) ’
T(v v ) 20S 410
o The J = ID;A. — D=, — D*= potential
1{/S , 2{/0 21/0 V2 (/S _ (/0
10420 2wo 2 (s - vo)
V = %WO VO 1wO ,
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