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Introduction: Why is D;;(2400) interesting?

D3y(2317), (S,0) = (1,0)

. ~ P _ N+ .
o Lightest open-charm J” = 0% states: { D5(2400), (S, 1) = (0, %>

o

Lightest systems to test ChPT with heavy mesons, besides D* — Drt.

o Dminteractions (where it shows up) are relevant, since Drt appears as a final state
in many reactions that are being considered now (i.e., Z.(3900) and D* D)

o Problems with simple quark models expectations:

o D3,(2317) isaround 150 MeV below the predicted mass.
Godfrey, Isgur, Phys. Rev. D 32, 189 (1985); Godfrey, Moats, Phys. Rev. D 93, 034035 (2016)
Lakhina, Swanson, Phys. Lett. B 650, 159 (2007); Ortega et al., Phys. Rev. D 94, 074037 (2016)

o Naively, one would expect Dy, (~ ¢3) to be heavier than D (~ cn).

©

D3 (2400) is important in weak interactions and CKM parameters:
Flynn, Nieves, Phys. Rev. D 76, 031302 (2007)
MA, P. Fernandez-Soler, F.K. Guo, J. Nieves, D.L. Yao, in preparation
See De-Liang Yao's talk [Thursday, 15:35, Aula 2.3]
o It determines the shape of the scalar form factor /5 (g?) in semileptonic D — 1 decays.
o Relation to |V 4l: f(0) = f5(0) and dI” o [V 4f, (g1
o Even more interesting: the bottom analogue [V |.
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Introduction: Theoretical interpretations
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Introduction: Experimental situation, LQCD simulations

o Experimental situation:

Collab. M (MeV) T /2 (MeV) Ref.

Belle 2308 + 36 138 + 33 Phys. Rev. D 69, 112002 (2004)
BaBar 2297 + 22 137 + 25 Phys. Rev. D 79, 112004 (2009)
FOCUS 2407 + 41 120 4 40 Phys. Lett. B 586, 11 (2004)

LHCb 2360 + 33 128 + 29 Phys. Rev. D 92,012012 (2015)
FOCUS 2403 + 38 142 + 21 Phys. Lett. B 586, 11 (2004)

Neu.

Char.

o Lattice QCD:

o Masses larger than the physical ones if using ¢S interpolators only.
Bali, Phys. Rev. D 68, 071501 (2003)
UKQCD Collab., Phys. Lett. B 569, 41 (2003)

o Masses consistent with D5 (2400) and D},(2317) obtained when “meson-meson”
interpolators are employed.

Mohler, Prelovsek, Woloshyn, Phys. Rev. D 87, 034501 (2013)
Mobhler et al., Phys. Rev. Lett. 111, 222001 (2013)

Recent LQCD study with D, Dn and DK coupled-channel scattering.
A bound state with large coupling to Drtis identified with Dg(2400).
Hadron Spectrum Collab., JHEP 1610, 011 (2016)
¢f. talks: Ch. Thomas on Monday, R. Bricefio on Tuesday
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Dm, Dn, Ds? scattering: infinite volume
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Conclusions
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o Coupled channel T-matrix: Dr, Dn, DK scattering [Jf = 0%, (S, /) = (0, D).

o Unitarity: 7-'(s) = V=1(s) — G(5)
o Normalization: —ip;(s) T;(s) = 41J/5 (n;(s)€?®® — 1).
o G;(s) = G(s, m;, M;), regularized with a subtraction constant a(u)
(U =1GeV).

o Analytical continuations: Riemann sheets (RS) denoted as (&,&,&3):

ImV/s

pi(S) £ pr Dn DK
anss ! : : : ReV3

| 1 (100) t (110) 1 (111)

Gi(s) = Gi(S)+i——

HADRON 2017, September 25-29, 2017
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Dm, Dn, Ds? scattering: infinite volume (II)
o Chiral symmetry used to compute the @(p?) potential:

Guo et al., Phys. Lett. B 666, 251 (2008)

+ Z h C”(s t,u) Liu et al,, Phys. Rev. D 87, 014508 (2013)

f2v. (s, 6 u) = LOS;

o Values of h, and a(u) have been previously fixed:
o Fitted to reproduce scattering lengths obtained in a LQCD simulation

o They are not fitted in this work. We make “predictions”

0.00 12 0.00
-0.05 10 -0.05
E -010 E o8 E -010
T 70.15#_4 o 06 s, _045
o -020 ; - 04 g -0.20
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Drt, Dn, DK energy levels in a finite volume

o Periodic boundary conditions

. infinite volume finite volume
imposes
S = S 2M, 2
momentum quantization ge R3 g=—0n, NE 73
o Lischer formalism: j d*q Z
3 73
Commun. Math. Phys. 105, 153 (1986) R3 (277) L P

Nucl. Phys. B 354, 531 (1991)

o In practice, changes in the T-matrix: T(s) — T(S, L):
Doring et al, Eur. Phys. J. A 47,139 (2011)
|G|<A
~ ) 1 = A g*dg
Gi(s) = G;(s, L) =gn’(5)+/\lm(ﬁ ;/KCI)—fo /(C]))
V(s) - V(s, L) = V(s),

T=(s) » T7(s, L) = V7'(s) = G(s, L),
o Free energy levels: Efg’gree(L) = w;1((2n/L)%) + w, ((2mn/L)?)

o Interacting energy levels £,(L): T=1(E2(L), L) = 0 (poles of the T-matrix). ,
6/15
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Results: Comparison with LQCD

Epy Efy - Ep% - LQCD ke O LQCD: [G. Moir et al,, JHEP 1610, 011 (2016)]
2800 [ 1
i . i O Bands: [M.A. et al, Phys. Lett. B 767, 465 (2017)]
2700 | e
SZI0 : . o E,(L) are provided for D, Dn, DK in
2 2500 E ,,,,,,,,,,,,,,,,,, S $ arecent LQCD simulation.
= 5400 [ $ 3 6 1
2300 - bl
3 $
2200 F ¢ 4
16 18 20 22 24
L/as
M (MeV) Latt. Phys.
T 391 138
K 550 496
n 588 548
D 1886 1867
D, 1952 1968
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Epce -+ LQCD res
‘ ‘ ‘

16 18 20 2 24
L/as
M (MeV) Latt. Phys.
T 391 138
K 550 496
n 588 548
D 1886 1867
D, 1952 1968
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9 LQCD: [G. Moir et al, JHEP 1610, 011 (2016)]

O Bands: [M.A. etal, Phys. Lett. B 767, 465 (2017)]

©

E, (L) are provided for Drt, Dn, DK in
arecent LQCD simulation.

o We compute £,(L) and compare.
No Fit is performed.
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Results: Comparison with LQCD

EpE Efy - Epg - LQCD ke O LQCD: [G. Moir et al,, JHEP 1610, 011 (2016)]
2800 (/7
oo b O Bands: [M. A. et al, Phys. Lett. B 767, 465 (2017)]
7
_ 260 o E,(L) are provided for D, Dn, DK in
22500 f-oog arecent LQCD simulation.
53]
20 o We compute E,(L) and compare.
2300 No Fit is performed.
2200
s . . : ‘ o E > 2.7 GeVis probably beyond the
16 18 20 22 24 o 1A 0
o range of validity for our T-matrix.
M (MeV) Latt. Phys.
T 391 138
K 550 496
n 588 548
D 1886 1867
D, 1952 1968
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Results: Comparison with LQCD

9 LQCD: [G. Moir et al, JHEP 1610, 011 (2016)]

2800 %
/ O Bands: [M. A. et al, Phys. Lett. B 767, 465 (2017)]
2700
260 o E,(L) are provided for D, Dn, DK in
2 2500 - arecent LQCD simulation.
53]
20 o We compute £,(L) and compare.
2300 No Fit is performed.
2200
‘ ‘ ‘ : : o E > 2.7 GeVis probably beyond the
16 18 20 22 24 o 1A 0
o range of validity for our T-matrix.
M(MeV) Tatt. Phys. o Level below threshold, associated with
pr 391 138 a bound state (see below).
K 550 496
n 588 548
D 1886 1867
D, 1952 1968
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o LQCD: [G. Moir et al,, JHEP 1610, 011 (2016)]

O Bands: [M. A. et al, Phys. Lett. B 767, 465 (2017)]

o E,(L) are provided for D, Dn, DK in
arecent LQCD simulation.

o We compute £,(L) and compare.
No Fit is performed.

o E > 2.7 GeVis probably beyond the
range of validity for our 7T-matrix.

o Level below threshold, associated with
a bound state (see below).

o Second level has large shifts w. r. t.
thresholds: Resonance? (see below).
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Results: Spectroscopy

Latt., Low 4
Latt., High

200 [ T T = T T

. ‘" N 2264+,8 0 (000) 7.7t12 0.3*33
Sias | _{_ E 2468*32 11318 (110) 5.2%35 6.7+3§ 13.2%0¢
§100— E 2105+ 102+19  (100) 9.4*32 1.8737 4.4%03
R E 2451+3%  134*]7  (110) 5.0%37 6.3+3f 12.8+08
Z‘S” o We also study DK, D.n, (S, 1) = (1,0)

N3 ‘ ‘ 50 (2317): M = 23153?g MeV.

. .
2000 2100 2200 2300 2400 2500
Re E (MeV)

o For lattice masses, we find a bound state (000) and a resonance (110)
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200 T T T Meson

sk : Moom | M(MeV) T/2(MeV) RS Igpdl  |9oql  |90u]

150 £ ' E 2264+,8 0 (000) 7.7%12 0.3%33 4.2+
- - [BEEICE | 5/ c0432  113+18  (110) 5.2+06 §.7+0-6 13.2+06
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"= 22 1 o Wealsostudy DK, Dy, (S, 1) = (1,0)

= R E D%(2317): M = 2315+*18 MeV.

0 .
2000 2100 2200 2300 2400 2500
Re E (MeV)

o For lattice masses, we find a bound state (000) and a resonance (110)

o For physical masses:

o The bound state evolves into a resonance (100) above D threshold.

o The resonance varies very little, and is still a resonance (110).

o For both states, the coupling pattern is similar.

M. Albaladejo (U. Murcia): Two-pole (two-state) structure of Ds (2400)
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Results: Spectroscopy

Latt, Low 1+  Phys., Low 1 PDG
Latt, High % Phys., High v

2 \ T T T T

b VeSon TMMe) /2(MeV) RS 10orl  dool  |90us]
150 £ r | 2264% 8 0 (000) 7.7%12 0.3%33 4.2+
S5t + 4 || tce 24683  113%18  (110) 52108 6.730€ 132108
S| 4 “F 1y | 2105% 102408 (100 9.4%87 1,857 4.4%d
ER 4 [POISH 0451436 43447 (110) 5.0#07 6.3%08 12.8+08

2| 2 o We also study DK, D.n, (S, 1) = (1,0)
| 44 D (2317): M = 2315*18 MeV.

.
2000 2100 2200 2300 2400 2500
Re E (MeV)

o For lattice masses, we find a bound state (000) and a resonance (110)

o For physical masses:
o The bound state evolves into a resonance (100) above D threshold.
o The resonance varies very little, and is still a resonance (110).
o For both states, the coupling pattern is similar.

o PDG includes only one resonance, “suspiciously” lying between both.
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Results: Spectroscopy

Latt, Low 1+  Phys., Low 1 PDG
Latt, High % Phys., High v

o | VeSon TMMe) /2(MeV) RS 10orl  dool  |90us]
150 £ | 2264+8 0 (000) 7.7+12 0.3%05  4.2+11
il B 546832 113718 (110) 52106 67706 132106
%1007 t | 2105% 102719 (100) 9.4%32 1.8+07  4.4403
£t 4 [PISISSH 5451435 13417 (110) 5.0197 6.3198 12.8+08
z2l 2 . 1 o Wealsostudy DK, D, (S, 1) = (1,0)
‘ R i D:y(2317): M = 2315718 MeV.

.
2000 2100 2200 2300 2400 2500
Re E (MeV)

O The Df(2400) structure is actually produced by two different states (poles),
together with complicated interferences with thresholds.

O This two-state structure was previously reported, and receives now a robust
support.

Kolomeitsev, Lutz, Phys. Lett. B 582, 39 (2004)
Guo et al, Phys. Lett. B 641, 278 (2006)

Guo et al,, Eur. Phys. J. A 40, 171 (2009)
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0000 (e}

(]

(+]

(]

Q

—ip(5) Ty(s) = 413 (n;(s5)e¥5i® — 1)
Lower pole at vs = 2.1 — 0.1/ GeV:

o |T11(5)|? peaks at Vs =~ 2.1 GeV
o 011(5) =m/2at Vs =~ 2.2 GeV.

Higher pole at /s = 2.45 — 0.13/ GeV:
o Small enhancement in | 7p;(5)2.

o Clear peak in the D;K amplitude. Narrow,
non-conventional shape, stretched between
thresholds cusps.

Possible testsin B — DPP’ decays?

HADRON 2017, September 25-29, 2017
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SU(3) light—Fflavor limit
o SU(3) flavor limit: m; » m = 0.49 GeV, M; > M = 1.95 GeV.

o Irrep decomposition: 3® 8 =( 15@& 6 @ 3 ). T and V can be diagonalized:

Vy(s) = D'V(s)D = diag (V55(5) , Vs(5) , V5(5)) = (A<S) diag (1,—1,—3>),

T4(s) = diag (T5s(5) , Te(5) , T5(5)) .
T7'(s) = Vii(s) — G(s,m,M) (eg., each T,(s)is “single channel”) .

o 15is repulsive. 6 and 3 are attractive. “Curiously”, 3 admits a ¢ interpretation.

S= 2

VAV
= O —, SE—
. \/
State Channels (S,)) 15

6 3
prn,DOn, DK (0,5) v /
D#,(2317) DK, D,n 1,00 v X V
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Vy(s) = D'V(s)D = diag (V55(5) , Vs(5) , V5(5)) = (A<S) diag (1,—1,—3>),
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S= 2

s NAYVAS
%

State Channels (S,), 15 6 3
prn,DOn, DK (0,5) v /
D:,(2317)  DK,Dn (1,00 v X
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Introduction Formalism: T-matrix Results
(e}

[e]e]e} [e]e]e} 000 0800

SU(3) light—Fflavor limit (I1)
Connecting physical (x = 0) and Flavor SU(3) (x = 1) limits:

my=mP™ + x(m—mP"Y), (m=0.49Gev), o The high Dj connects with a 6 virtual

M, = Mlphy +x(M = Mlphy>  (M=195GeV). state (unph. RS, below threshold).
o The low D} connects with a 3 bound state

o x=01[phys] e x=1[SU(Q3)] (ph. RS, below threshold).

o The D;,(2317) also connects with the 3
bound state.

D1 (2317)*
High pole ----
Low pole —
Dy (2317) == D3(2105)° ¢——» D;(2105)*

Thresholds

0 50 100 150 O 025 05 0.75 1
I'/2 (MeV) x

o The low Dj and the D,(2317) are SU(3) flavor partners.

o This solves the “puzzle” of D,(2317) being lighter than D;(2400): it is not, the
lower Dy pole (M = 2105 MeV) is lighter.
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Predictions for other sectors: charm

0t G
(S, /) Channels 15 6 3 M r/2 M r/2
o I (R)2105*S 102+19|(R) 2240*2 93*3
(0.3) D®n, Dn, DR (R) 2451436 134+7
(1,0) D®K, D n v/ X /|(B)2315+]8 (B) 243618
(=1,0) DWR X v X|(v)2342+)3 -
(1,1 D&m, DK X - =

o HQSS relates 0* (D, P) and 1% (D, P) sectors: similar resonance pattern.

o Two pole structure: higher D, pole probably affected by p channels.

Conclusions
(e}

o DK [0%, (—1,0)]: this virtual state (from 6) has a large impact on the scattering

length, a('i’ilo) ~ (0.8 fm. (Rest of scattering lengths are |a| ~ 0.1 fm.)

M. Albaladejo (U. Murcia): Two-pole (two-state) structure of Ds (2400) HADRON 2017, September 25-29, 2017
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Predictions for other sectors: bottom
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(0, %): Bj, two-pole pattern also observed.

Can be either bound or virtual (6) within our errors.

o

not dynamically generated in B,Tt, BK interactions.
M. A. et al, Phys. Lett. B 757, 515 (2016); Guo et al., Commun. Theor. Phys. 65, 593 (2016)

(*]

Heavy flavour symmetry relates charm (D) and bottom (B) sectors.

(—1,0): [B*K]: very close to threshold. Relevant prediction.

(1,0): Our results for B, and B, agree with other results from LQCD:

Conclusions
(e}

(1,1): [Bm, BK, 0], X(5568) channel. No state is found: 15 and 6. If it exists, it is

Lang et al., Phys. Lett. B 750, 17 (2015); M. A. et al. Eur. Phys. J. C77, 170 (2017)
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Chiral dynamics and two-state structure(s)

o Other famous two-poles structures rooted in chiral dynamics:

A(1405) [Zrt, NK] K;(1270)

Oller, Mei3ner, Phys. Lett. B 500, 263
Jido et al,, Nucl. Phys. A 725, 181
Garcia-Recio et al,, Phys. Lett. B 582, 49
Magas et al., Phys. Rev. Lett. 95, 052301

Roca et al., Phys. Rev. D 72, 014002 (2005)
Geng et al., Phys. Rev. D 75,014017 (2007)
Garcia-Recio et al., Phys. Rev. D 83, 016007 (2011)
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)
)
)
)

o Chiral dynamics:
o Incorporates the SU(3) light-flavor structure,
o Determines the strength of the interaction,

o Ensures lightness of Goldstone bosons, which in turn separates generating channels
from higher hadronic channels.
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Conclusions

o We have studied D, Dn, DK scattering [0%, (S, /) = (O, %)]
o So far only one pole reported experimentally, but...

o We have presented a strong support for the existence of two D;;(2400) states
(different poles), based on a succesful, no-fitting comparison of our 7-matrix with
the energy levels of a recent LQCD simulation.

o A SU(3) study shows that D, (2317) and the lower D§(2400) are flavour
partners: they complete a 3 multiplet.

o The lower pole (M = 2105’:g MeV) is lighter than D};(2317), solving this
apparent contradiction.

o Predictions for other sectors (heavy vectors, bottom sector) have been also given.
In particular:
o The two-pole structure is also seen in the bottom sector.

o Avery near-threshold state (bound or virtual) is predicted for BK (BK).
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Connecting SU(3) and physical limits Riemann sheets

Riemann sheets: SU(3) limit:

sy > Gos) + 1P e m; = m™ + x(m— m™),
g,,(S) g,,(S) + /47_[‘/3 5/ ! i

o Physical case (x = 0): RS specified by (§,,&3),§; = 0or 1.

(m=0.49 GeV),

M= MY + x(M =M™y, (M =1.95GeV).

o SU(3) symmetric case (x = 1): all channels have the same threshold, so there are

only two RS (000) and (111).

o To connect the lower pole with the T virtual state,
63=X (1/110)_)(1/1/X)
o To connect the lower pole with the T3 bound state,

&=1-x (1,0,0)> (1—x,0,0)
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Lattice QCD parameterization

Parameters
W T g - e 2N
1 2 3|1 2 11 22 23 33 12 13 22 23 33
vl - - - v R - - - - -] 2.95
vilv - |- - v o e 2.70
vilv - |- - v o e 3.4
v |v - - v v T 2.13
vliv v - - - v v - - - - - 6 13.1
Sl v - - v v - - - - - T 17
vl v - - v v - - - - - - 7 2.07
Sl v o -]- - v v VY - - - - -1 2.07
vliv v - - v v - . 176
vilv v |- - v v o - - - - o8 L7l
viv v v - v v - - - - - o ] L.76
viv v v - - e 2.15
VIivovY - - - - Yoo - v - - 6 178
VIV - - - R A A 171
v v vv - v - - [ I Y 168
viv v v|lv - v - - - - v B 2.01
A A A 2 L 163
lv v vl v v - - v - - - - e 1.66
viv v o vlv - vl - - v o - - - oo e 168

Table 11. The S-wave {-matrix parametrisations used in section 3.3.1 where “v” denotes a free
parameter and “7 a parameter fixed to zero. The channel labels are ordered by increasing mass,
1= Dr, 2 = Dyand 3 = D,K. The forms shown also included a free P-wave part contributing
an additional 3 parameters. Forms with y?/Naos > 1.9 (shown in italics) were not used in our final
analysis as described in the text of section 3.3.1.
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