On the Z(3985) and X(3960) states

Towards HQSS and SU(3) multiplet descriptions
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Quark model in the charmonium sector
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o xa(1P) well established, “very CQM model” state.

o X(3872) discovered by Belle [PrL,91,262001(03)] (also 2003!)
JPC = 1t+ and I ~ 1MeV established by LHCb (e.g. [JHEP08(2020) 123]).

o xa(2P) Not established. Influence of open thresholds? Is X(3872) a molecular states?
o 7. states have | = 1, clearly “tetraquarks” (ccud, ...)

© Many theoretical and lattice and experimental works: can't cite them properly here! (many references in [2207.08653])
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Introduction Interactions X(3960) HQSS & SU(3) multiplets Z¢5(3985) and Z¢(3900) Conclusions
o L] o (e]e] 0000 o

HQSS and flavour SU(3) LO lagrangian

[Grinstein et al., NP,B380(’92); Alfiky et al., PL,B640('06), ...]
o SU(3) light flavour symmetry:
HY ~ (Qu, ad, @) ~ (0°, D%, D7)

1 \ :
o Hass: HY = —J;y (et = P{V7s ) (with

v-P;@ =0

o LO lagrangian (S-wave contact interactions):
1 = 5)c (0 S -
Lo = 5T [HOHDy, ] T [HORFD] (Faapod + A XY - XE)

+ % Tr [AQ2H{y, 5] Tr [HQRDyiys] (Fy 8268 + R X2 -XE),

o Only 4 constants, many ways to write the constants.

10F 2

Coa = FA+7A, C1a:FA_7F£\:
3 3

10F} 2 5

Ch = Fp+ 3 C1b:FB—§FB~
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D:'Ds_ interaction and BT — D;"DS_ K+t decay i, bong, M, bu, Guo, Nieves, 2207.08563]

v

o Scattering amplitude: T(E) = m

[LHCb-PAPER-2022-018,019]
[LHC Seminar (July 5", 2022)]

Coa + C L O I I I B Y I B B
2 Coa + GCia 4
°V=dm T s T E
o G loop functions, once-subtracted, G(Ein) = Ga(Etn) & o .
. . A
o Simple production model: 1 1 1 1 1
1 - } tHebdata |

Tg(E) = P+ PG(E)T(E) = P1

— VG(E) i H il
dr 40/ N
dE (27r)3 4m2 IT(E)F

Ty,
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D:'DS_ interaction and BT — D;"Ds_ K+t decay i, bong, M, bu, Guo, Nieves, 2207.08563]

v

o Scattering amplitude: T(E) = ———— [LHCb-PAPER-2022-018,019]
1= VG(E) [LHC Seminar (July Sth, 2022)]
5 Ve 42C0a+c1a 4‘,“\“\\“‘\“‘\“‘\
= D5 2 _ 2 ii i Elli
o G loop functions, once-subtracted, G(Ein) = Ga(Etn) 5,2 iﬁlfi} ifi}im}ﬁ# #Hm
_4\:\ L Ll [ Ll [

o Simple production model: ek ‘ ‘ —
To(E) = P+ PG(E)T(E) = P—— I | f s -
8(E) = P+ PG(E)T(E) = 1—va@ 50 : |
dr $40 i

9 E 271)3 4 2 | B( )| g !

(2m) 7") mg Sao i

o Fit: two solutions (virtual or bound), in both: jg :
Mx(asso) = 3928(3) MeV 5% '

ZMDS — MX(3960) = 8(3) MeV
O LHCb: M = 3956(5)(11) MeV, I' = 43(13)(7) MeV.

S

O [Prelovsek et al., JHEP 06,035(20)]: Bound state B = 6.27% % MeV
(cf. also [Bayar, Feijoo, Oset, 2207.08490])

N = 0.5GeV A =1.0GeV N = 0.5GeV A =1.0GeV
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D:'DS_ interaction and BT — D;"Ds_ K+t decay i, bong, M, bu, Guo, Nieves, 2207.08563]

v

o Scattering amplitude: T(E) = ———— [LHCb-PAPER-2022-018,019]
1= VG(E) [LHC Seminar (July Sth, 2022)]
o V— 42C0a+c1a 4\77\\\\\\\\\\\\\\\\\\\
= 4amp, 2 _ 2 # i Elli
o G loop functions, once-subtracted, G(Ein) = Ga(Etn) 5,2 iﬁlfi} ifi}im}ﬁ# #Hm
q q ==y \I\ﬁi e 1
o Simple production model: i !
Ta(E) = P+ PG(E)T(E) = P—— I b omebos
B = ~T1-VG(E) & At
dar 40
o — |Ta(E)[?

dE — (27r)3 4m2

o Fit: two solutions (virtual or bound), in both:
MX(3960) = 3928(3) MeV
2Mp, — Myx(3960) = 8(3) MeV

O LHCb: M = 3956(5)(11) MeV, I = 43(13)(7) MeV

Events /(20 MeV)
w
S

[N)
Q.

S

12.0 4.00 4.2 40
O [Prelovsek et al., JHEP 06,035('20)]: Bound state B = 6.27;'; MeV Mmoo
s s

(cf. also [Bayar, Feijoo, Oset, 2207.08490])

N = 0.5GeV A =1.0GeV N = 0.5GeV A =1.0GeV

3/10



Fixing all constants (i, bong, Ma, bu, Guo, Nieves, 2207.08563]

0 X(3960): fixes Cp_p. = (Coa + Cia) /2 (as previously seen)

0 Z,(3900): fixes V = Cig — Cyp,
o Assume virtual state M = 381377 MeV ([2201.08253; 1512.03638] from a fit to BESIII data)
. Cox = (Coa + Cop) /2
X(3872): fixes ’
(3872) { Cix = (Ca + Cip) /2
o Experimental information:
[LHCb, 2204.12597]  R#%

oy = 0-29(4)
[LHCb, PR,D 102,092005('20)]

= [—150, 0] keV +— M;X

+0.00 +0.05
(3872) — = 3871.69 75 04 —o.13 MeV

exp
BX(3872)
o Theoretically: [0911.4407; 1210.5431; 1504.00861]

1 Cox + Cix  Cox — Cix —i
V=- T=(I-VG V.
2 ( Cox —Cx Cox+Cx /)’ ( )
R _ U, — U, & 1= (2mprmp—)Ga (Cox +Cix)  (2myomp«0) Gi (Cox — Cix)
KO =G 0 W (2mpimpe— )G (Cox — Cx) 1 — (2mpompe0) Gr (Cox + Cx)

0 SU(3) and HQSS breaking corrections (30%) are taken into account for the LECs

1,500 T rTrr1rHq 1,50F T 800 FFTTTTTT I 1T 800 FTTTTTTTTTITT
1,000 [y | 600 1 600
400 | 400
500 | 500 A 1 200
0
(0] 10
Cop (fm?) Cia (fm?) Cp (fm?)
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Predictions (complete multiplet): X(3960) as bound 1, pong, Ma, bu, Guo, Nieves, 2207.08563]

With the four LECs (Coq, Cop, C1a, C1) fixed, poles can be looked for in every sector.

4.3
DD} —— Bound
42 R — —— Virtual
I DD
4.1 DD, - ] E
D*D* -
;40_ S P —— — — D,D* +D; D A
g | oo .
E39F DD X@o0) — 1
X(3872)
3.8 B
DD Z,(3900)
3.7 B
36 (007 (O)IFF  (0)1F~  (0)2FF  (1)0TF  (D1fT  (1/2)0%  (1/2)1*
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Predictions (complete multiplet): X(3960) as virtual 1, ong, M, bu, Guo, Nieves, 2207.08563]

With the four LECs (Coq, Cop, C1a, C1) fixed, poles can be looked for in every sector.
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A closer look to Z.(3900) and Z.5(3985) iou, ma, Guo, Nieves, Pr,0105,074018('22)]

o (DD*; 1(117)| T|DpD*; 1(1+7)) = (DsD*; 1(11)| T [DsD*; 3(11)) = Cia — Cip = Ciz
o Constant V and single channel: only virtual or bound states (pole condition V="' = G)

o Extension of the previous approach by:
1=1 (5 [0D* —D*B], J/9m)
1= 2 [DB" - 0;B], J/wK)

2
s — Eg

@ Coupled channels: { (also necessary for ete™ — J/+mr data)

1
2

@ Energy dependence: Ci; — Ciz + b

o Production mechanism for Y — D% D*— 7t

PR PR
(2a) s (2b) s (2¢) t (2d) -
n° D+ 7 7
D DYDY D—/Dw
A A p0jp- .
D D D
D'/D
D Y Do D= /D g

2 2

1
4
ar(s) + 5

Er@) | o 4 H6Ta(s)| + 8[1 + Ga(0)T2)]
hp I.‘—m,z:,1

—_— 1
A2 OF = | —— + 1(5)Ta(s)
t— m,_.,1
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A closer look to Z.(3900) and Z.5(3985) iou, ma, Guo, Nieves, Pr,0105,074018('22)]

o (DD*; 1(117)| T|DpD*; 1(1+7)) = (DsD*; 1(11)| T [DsD*; 3(11)) = Cia — Cip = Ciz
o Constant V and single channel: only virtual or bound states (pole condition V="' = G)

o Extension of the previous approach by:

1=1 (5 [0D* —D*B], J/9m)
1= 2 [DB" - 0;B], J/wK)
s — th

@ Coupled channels: { (also necessary for ete™ — J/+mr data)

1
2

@ Energy dependence: Ci; — Ciz + b

' e
(1a) s (1) - (10) P
DY/D; D/ DY/D; Dt/ %
I/ I AWWE——— ]
D/D N D/D N N
N N\ gt N

29 _
3908 0 T (e (t)" + () (D] () (O

[A1(s, )2 = [7(s)[%a% (5) + [ m(8) Pak (8) +
+ %{IT’(S)IZEi(S) +1T OPE O + [7'6) T O + 7O (O |Ex ()Ex (D)}

() = VE@Ta(s) + o 7'(5) = :—Zﬁms)nz(s)
6/10



Fit to data pu, Ma, Guo, Nieves, PR,0105,074018(22)]

o Fitted data:
o J/apm™ distribution ineTe™ — J/spmt T [BESII, PRL119(17)]
o D°D*~ distribution in ete™ — D°D* ™« [BESIILPR, D92(15)]
o ete” — (D*°D; + DD}~ )K* [BESIIL PRL126('21)]
o Some production/background/normalization constants are also fitted (not shown here)

o Four schemes:
o AorB:b = Oorfree

o lorll: hs = 0 or not (D- or S- and D-waves)

A 1.62 0.005(1) | —0.226(10)
—3.0 1.62 0.005(1) | —0.177(6)

0.007(4) | —0.222(6) | —0.447(44)
0.008(1) | —0.177(4) | —0.255(30)
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Fit to data (scheme A) (pu, Ma, Guo, Nieves, Pr,D105,074018('22)]

Events/15 MeV.
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Fit to data (scheme B) ipu, Ma, Guo, Nieves, PR.D105,074018('22)]
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Introduction Interactions X(3960) HQSS & SU(3) multiplets Zc5(3985) and Z¢(3900) Conclusions
o] o o (e]e] [e]e]e] }
%k 3k
Zés) and Zé ) poles [Du, MA, Guo, Nieves, PR,D105,074018(°22)]
- Zc [MeV] Zes [MeV] Z; [MeV] 7%, [MeV]
B | @) Mass r/2 Mass r/2 Mass r/2 Mass r/2
N 5 —2.5 | 381375, vir. 392075 vir. | 396270, vir | 4069 % vir
—3.0 | 38122  vir 39245 i | 396717 wvir. | 4078 vir
A | s —2.5 [ 379975, vir 390772  vir | 39497%  vir | 40577%  vir.
—3.0 | 3798"% vir. 3917 vir. 395572 vir. | 4067% i
5 5 —2.5 | 389774  377% 399674 3775 | 4035,  377% 43774, 367
—3.0 | 389875 3879 | 3996%%  357% | 40357%  34% | 41367 3378
—2.5 | 3902T§  38T% | 400278 3877 | 404275 3877 | 444", 377
1B S+D +5 +9 +5 +8 +5 +8 +5 +8
—3.0 | 390275  377% | 400075 3578 | 4039%, 3575 | 414075, 3375
0 Z exp.: 0 ‘ | i
M = 3881.2(4.2)(52.7) MeV _ T 0 e 7*
r/2 25.9(2.3)(18.0) MeV 2 Lo loi & i
= [ ¥
A ’ s 40 \Hﬁ i # &-
O Zgs exp.: NS Sl e
M = 3982.5(2.6)(2.1) MeV = 20 o i
r/2 = 6.4(2.6)(1.5) MeVv . .‘
o Both schemes (A and B) Sl A 4 420
M (MeV)

o Including SU(3) breaking effects
Q [Yangetal., PR,D103('21): Z¢s and distribution]

O [lkeno, Molina, Oset, PL,B814('21)] (Zs threshold effect)

O [JPAC, PL,B772('17)] Several possibilities for Z.
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Summary and conclusions

o We have considered DE:)) DE:)) interactions with HQSS and SU(3) light-flavour symmetry.

o The X(3960) structure in LHCb data on B* — D" D; K* can be explained with a bound or virtual
state.

o The experimental information coming from X(3960), X(3872), and (a virtual) Z;(3900) allows to fix
the four constants appearing in the LO lagrangian.

o Predictions are made based on these constants for multiplet partners of these states in other sectors

o Considering a generalization of the interactions, the BESIII data for the Z. and Z.; states can be well
reproduced, being Z. and Z.s flavour partners.
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