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Beginning of the interesting story: D*,(2317) and D, (2460)

140 [
Charm-strange mesons Y120 |
o 100
o 80
o D*,(2317): 0% BaBar (2003) 760 [
M = (2317.7 + 0.6) MeV, §oF

I' < 3.8 MeV 05"‘"""""""""

2.1 2.2 2.3 2.4 2.5
The only hadronic decay: D7 m(D, ©°) GeV/c?

e D,;(2460): 1t BaBar, CLEO (2003) 200 E
M = (2459.5 4 0.6) MeV, 150 F
I' < 3.5MeV 100 |
o no isospin partner observed, tiny 50

widths = [ =0 °, 2.2 2.4 2.6

BABAR, PRL90(2003)242001
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00) and D,(2430)

o Dy(2400): J¥ =01, T = (247 £ 67) MeV Belle (2004)
PDG2017:
2318 + 29 OUR AVERAGE Error includes scale factor of 1.7.
2297 +8 £20 3.4k AUBERT 2009AB BABR B~ . Dig—n~
2308 +17 +32 ABE 2004D BELL B »D'rn
2407 £21 435 9.8k LINK 2004A FOCS YA
New measurements by LHCb: (2360 & 15) MeV LHCb, PRD92(2015)012012
o D;(2430): JP =17, T = 3841135 MeV
VALUE (MeV) DOCUMENT ID TECN COMMENT
2427 £26 25 ABE 2004D  BELL B — D00 e

» « « We do not use the following data for averages, fits, limits, etc. « « «

2477 £28 1 AUBERT 2006L  BABR PO s Dt ewn—
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D;;(2400) and D; (2430)

o Dy(2400): J¥ =01, T = (247 £ 67) MeV Belle (2004)
PDG2017:
2318 + 29 OUR AVERAGE Error includes scale factor of 1.7.
2207 £8 20 3.4k AUBERT 2009AB BABR B~ . Dig—n~
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2407 £21435 g gk LINK 2004A FOCS A
New measurements by LHCb: (2360 & 15) MeV LHCb, PRD92(2015)012012
o D;(2430): JP =17, T = 3841135 MeV
VALUE (MeV) DOCUMENT ID TECN COMMENT
2427 +26 +25 ABE 2004D BELL B — D*()O+ﬂ.—ﬂ.—

» « « We do not use the following data for averages, fits, limits, etc. « « «

2477 £28 1 AUBERT 2006L  BABR PO N,

o Notice: all these experiments used a Breit-Wigner to extract the resonance

v DO r-D® D K coupled-channel effects are absent
v chiral symmetry constraint on soft pions is absent
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Three puzzles

2600
—— Exp. data P —
2550 H —— Gl quark model 1 P1(2.57) ]
————— Threshold
SO e XCEC N
£ G
—~ 3,
S 1°P (2.48)
s 2450 | ¢ D_,(2460) 3
@ 2400 ]
>
2350 - DK 41
2300 F D_(2317) ]
2250 o - Gl quark model: Godfrey, Isgur (1985)

== Why are the masses of D¥,(2317) and D,;(2460) much lower than quark model
predictions for ¢s mesons ?
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—— Exp. data P —
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2350 - DK 41
2300 F D_(2317) ]
2250 o - Gl quark model: Godfrey, Isgur (1985)

== Why are the masses of D¥,(2317) and D,;(2460) much lower than quark model
predictions for ¢s mesons ?

L= Why MD91(2460)i — MD*O(2317)i ~ MD*i — MDi within 2 MeV?
: s —_—

=(141.84+0.8) MeV =(140.67+0.08) MeV
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2300 F D_(2317) ]
2250 o - Gl quark model: Godfrey, Isgur (1985)

== Why are the masses of D¥,(2317) and D,;(2460) much lower than quark model
predictions for ¢s mesons ?

L= Why MD91(2460)i — MD*O(2317)i ~ MD*i — MDi within 2 MeV?
: s —_—

=(141.84+0.8) MeV =(140.67+0.08) MeV

v Why Mpe(2400) & Mp=,(2317) @and Mp, (2430) ~ Mp,, (2460)?
0 s0
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D?,(2317) and Dg;(2460) as hadronic molecules

o One possible solution to the 1st puzzle:
hadronic molecular model [dominant component]:
50(2317)[DK], D4 (2460)[D* K|
Barnes, Close, Lipkin (2003); van Beveren, Rupp (2003); Kolomeitsev, Lutz (2004); FKG et al. (2006);

o More quantitatively in later slides
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e For heavy quarks (charm, bottom) in a hadron, typical momentum transfer Aqcp

= heavy quark spin symmetry HQSS) g

chromomayg. interaction o —— % .

spin of the heavy quark decouples

D and D* are in the same spin multiplet
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e For heavy quarks (charm, bottom) in a hadron, typical momentum transfer Aqcp

= heavy quark spin symmetry HQSS) 8

chromomag. interaction oc ——— M .

spin of the heavy quark decouples

D and D* are in the same spin multiplet

o Natural solution to the 2nd puzzle as a consequence of HQSS:

DK and D* K interactions almost the same = similar binding energies:
Mp + Mg — MD:0(2317) ~ Mp+ + Mg — MD51(2460):|:4 MeV
Aacp
me Ay
=  Mp_, (2460)+ — MD:O(2317)1 ~ Mp«+ — Mp=+ is naturally understood
FKG et al., PRL102(2009)242004

Uncertainty: binding energy (45 MeV) x
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Easy predictions from HQFS

e heavy quark flavor symmetry (HQFS) for any hadron containing one heavy quark:

A A
velocity remains unchanged in the limit m¢g — co: Av = £P _ Zaco

mQ mQ
= heavy quark is like a static color triplet source, m, is irrelevant

e Predicting the bottom-partner masses in 1 minute:

MBZfo ~ Mp+ Mg —45MeV ~ 5.730 GeV
Mp,, ~ Mp- + Mg —45MeV ~ 5.776 GeV
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Easy predictions from HQFS

e heavy quark flavor symmetry (HQFS) for any hadron containing one heavy quark:

A A
velocity remains unchanged in the limit mg — oo:  Av = 2P _ faco
mq mq

= heavy quark is like a static color triplet source, m, is irrelevant

e Predicting the bottom-partner masses in 1 minute:

MB;;O ~ Mp+ Mg —45MeV ~ 5.730 GeV
Mp,, ~ Mp- + Mg —45MeV ~ 5.776 GeV

nice agreement with lattice results:  Lang, Mohler, Prelovsek, Woloshyn, PLB750(2015)17

MgH = (5.711 £ 0.013 £ 0.019) GeV
ME" = (5.750 £ 0.017 £ 0.019) GeV
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Interactions between charm and light mesons

e These positive-parity charm mesons couple to the ground state charm and light
pseudoscalar mesons (Goldstone bosons) in S-wave

e not far from the thresholds =- chiral EFT for matter field

o D?,/D{ should appear as poles in scattering amplitudes
= needs a nonperturbative treatment: ChPT + unitarization

T (s) =V~1(s) — G(s)

V(s): to be derived from SU(3) chiral Lagrangian, 6 LECs up to NLO
G(s): 2-point scalar loop functions, regularized with a subtraction constant a(u)

\/W,cc,
N s AN s / AR

v N s N s N N s N N~ N

7 N 7 ~ I N 7 N
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Fit to lattice data

o Fit to lattice data on scattering lengths in 5 simple channels:
DI_((I =1,I=0), D;K, Dr(I = 3/2), Ds7: no disconnected contribution

5 parameters: ho, hs, hq, hs and a(w)

4
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Fit to lattice data

o Fit to lattice data on scattering lengths in 5 simple channels:
DI_((I =1,I=0), D;K, Dr(I = 3/2), Ds7: no disconnected contribution

5 parameters: ho, hs, ha, hs and a(

1)
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e Prediction: pole in the (S, ) = (1,0) ch.: 2315728 MeV. DK dominant (~ 70%)

Exp.:
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MD;O(2317) = (23177 + 06) MeV

PDG2017
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D K component from lattice QCD

e Compositeness (1 — Z) related to the S-wave scattering length: Weinberg (1965)

a~—21_Z 1
- 2—Z\/2/LEB

e From the lattice energy levels in C. Lang et al., PRD90(2014)034510
*0(2317) contains ~70% DK  Martinez Torres, Oset, Prelovsek, Ramos, JHEP1505,053
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D K component from lattice QCD

e Compositeness (1 — Z) related to the S-wave scattering length: Weinberg (1965)

a~—21_Z 1
- 2—Z\/2NEB

e From the lattice energy levels in C. Lang et al., PRD90(2014)034510
D%,(2317) contains ~70% DK  Martinez Torres, Oset, Prelovsek, Ramos, JHEP1505,053

o Latest lattice results in G. Bali et al., PRD96(2017)074501

27, 1= Z = 1.04(0.08)(40.30)
_ M, [MeV] 150 290
< Mp:, 2317 MeV] 2348 +4 2384 + 3
8 Mp, [MeV] 197741 1980 + 1

] strong M. dependence!

My [GeV] curves: prediction in  Du et al., EPJC77(2017)728
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Predictions versus recent lattice results

o Postdicted finite volume energy levels for I = 1/2 agree very well with lattice

results by the Hadron Spectrum Collaboration JHEP1610(2016)011
NOT a fit!
Efee  ERe . EpR% - LQCD ke

2800 |- T ; .
2700 F \‘*\*~n\\\\\\ - foi}~~~n::=“.;
& 2000 ; o -
= 2500
9 9400 F
2300 |
2200 F

16 18 20 22 24
L/ag
M. Albaladejo, P. Fernandez-Soler, FKG, J. Nieves, PLB767(2017)465
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There are !

Masses M (MeV) TI'/2(MeV) RS  |gp«|  lgpul |9p.x]
lattice 22647 § 0 000) 7.7t1% 0303 4.2fll
246832 11318 (110) 5.210¢ 67196 13270

Latt., Low w1 Latt., High w PDG W

200 T T
[ ]
175 F \-Q; E
150 F 9 ' E
2125 3 3
o100 - ‘ 3
Sosh Mo=301MeV ]
T s50f Mp=1885MeV P
2 ¢
) U B L%.: [ R S S

2000 2100 2200 2300 2400 2500
Re E (MeV)
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There are !

Masses M (MeV) T/2(MeV) RS  lgpx|  loon|  |op.x|
lattice 22647 % 0 (000) 7.7717 03755 4271
246832 113+18 (110) 5.210% 6.710¢ 13.2i8;§

physical  2105"5 102719 (100) 9.4752 1.8F07 44703
2451730 134F] (1100 5.0707 63705 12.870%

Latt., Low te1  Latt., High PDG W
Phys., Low re4  Phys., High Hm

200 F————————————= — ==
E ] EiE ]
175 X S ]
3 4 M
gus | iy
S100 £ + ‘ L
g 75; /; : A
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Two states in I = 1/2 sector

e Two states in I = 1/2 sector were found in Kolomeitsev, Lutz (2004); FKG, Shen, Chiang,
Ping, Zou (2006); FKG, Hanhart, MeiBner (2009); Z.-H. Guo, MeiBner, D.-L. Yao (2015)

e The remarkable agreement with lattice data provides a strong evidence
o two states also in other heavy meson sectors (M, T'/2):
Lower (MeV) Higher (MeV) PDG (MeV)
Dy (210575,102719) (2451738, 134F7) (2318 £ 29,134 + 20)
(224713,107H10)  (2555750,20315) (2427 £ 40,192°22)
By (5535%1,,113713)  (5852715,36 +5) —
(558479,,119717) (591273, 42%7) -
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Two states in I = 1/2 sector

e Two states in I = 1/2 sector were found in Kolomeitsev, Lutz (2004); FKG, Shen, Chiang,
Ping, Zou (2006); FKG, Hanhart, MeiBner (2009); Z.-H. Guo, MeiBner, D.-L. Yao (2015)

e The remarkable agreement with lattice data provides a strong evidence
o two states also in other heavy meson sectors (M, T'/2):
Lower (MeV) Higher (MeV) PDG (MeV)
(210575,102719)  (2451%35,13477) (2318 £ 29,134 £ 20)
Dy (2247%3,107110) (2555157, 20315) (2427 £40,192752)
(553519,,11371%) (5852715, 36 £ 5) —
(558479,,119717) (591273, 42%7) -

o But is there any experimental support?
to compare with the most precise measurement of B~ — D7~ 7~ by LHCb
PRD94(2016)072001
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Fit to LHCb data (1)

e B~ — DYr—m~ contains coupled-channel D FSI
o consider S, P, D waves: A(B~ — Dtrn—n~) = Ag(s) + A1 (s) + Az(s)
= P-wave: D*, D*(2680); D-wave: D3(2460) as in the LHCb paper
s S-wave: use the coupled-channel (1: D7; 2 : Dn; 3 : D K) amplitudes
with all parameters fixed before

, ,

v Dt
4 /.
B~ pt B~
~ T=-- ~
S 7,1, K S
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Fit to LHCb data (1)

e B~ — DYr—m~ contains coupled-channel D FSI
o consider S, P, D waves: A(B~ — Dtrn—n~) = Ag(s) + A1 (s) + Az(s)
= P-wave: D*, D*(2680); D-wave: D3(2460) as in the LHCb paper
s S-wave: use the coupled-channel (1: D7; 2 : Dn; 3 : D K) amplitudes
with all parameters fixed before

7l"~ 7I'~

I, I, D+
B~ Dt B~

~ T=-- ~

S 7,1, K S

= only 2 parameters in S-wave: C' and a subtraction constant in G;(s)

SU(3)+chiral = Ag(s) x E, [2 + Gpar(s) (ngll/2(s) + %T3/2(s)>]

1 2
+5EaGpy(8)T3{*(5) +\| 3 Bk G, & (5)T3{ (5
+C E,Gpy(s)Tai
ImG;(s) = —pi(s) = Unitarity:  ImAg;(s) = — >, T75(s)p;(s)Ao,;(s)
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Angular moments measured by LHCb

(P)/(0.02 GeV)

(P))/(0.02 GeV)

6
S ; ; 7 o 02
LHCb =
O 015
(a) E Q
==
34 =005
4 =

m(D*11) [GeV]

LHCbI E
(©) E

(P)/(0.02 GeV)
S

2 2.5

Feng-Kun Guo (ITP)

1
3.5 4 2

m(D*1) [GeV]

Positive-parity heavy mesons

x10°

LHCb
(b)

[FERE RS SERTE FEEEE FRNTE R

T .
3.5 4 2

3.5
m(D') [GeV

—
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(d)

P I Y Y T I I S BT AR Y

1
3.5

m(D 1) [GeV]
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Fit to LHCb data (2): experimental support!

(Po) o< [Ao|® + [Ar]? + A2,
2 2 2
(P2) o g|¢41|2 + §|¢42|2 + %|Ao||¢42| cos(d2 — do) ,

14 2
(Pr3) = (P1) — - (P3) o< —=|Ao|[A1] cos(61 — do)
9 V3
x10° x10° x106
15 2 0I5 0.6
=
0.10 0.5
3 5 z 0.4
= 10 @ 005 z
8 5\5 : g 03
2 05 3 oo g
13 ; ) = 01
& -0.05} 0.0 %=
0.0 = -0.1
20 21 22 23 24 25 20 21 22 23 24 25 20 21 22 23 24 25
Mp - [GeV] Mp - [GeV] Mp - [GeV]

e The S-wave D can be very well described using our amplitudes with pre-fixed
LECs (the same as before)

e Fast variation in [2.4, 2.5] GeV in (P;3): cusps at Dn and DK thresholds
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Summary and outlook (1)

We believe that all 3 puzzles of positive-parity charm mesons have been solved:

e Q: Why are the masses of D*,(2317) and D,;(2460) much lower than quark
model predictions for cs mesons ?

A: They are dominantly DK and D* K molecular states, respectively.
e Q:Why Mp_, 2460)+ — Mp= (2317)= = Mp-+ — Mp= within 2 MeV ?
A: Consequence of HQSS as dominantly DK and D* K molecules.
o Why Mp:(2400) 2 Mp,(2317) @nd Mp, 2430y ~ Mp,, (2460)?
A: There are two D and two Dy, and the lower ones have smaller masses.

Strong support from remarkable agreements with both lattice and experimental data!
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Summary and outlook (2)

e Ongoing:
= To extract the D7 phase shifts directly from data
= To compare the FV energy levels calculated by the Hadron Spectrum
Collaboration in moving frames
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Summary and outlook (2)

e Ongoing:
= To extract the D7 phase shifts directly from data
= To compare the FV energy levels calculated by the Hadron Spectrum

Collaboration in moving frames
o Immediate suggestions for experimental tests:

1= Update the measurement of the B~ — D*Tx~r~, in particular there
should be strong variations in (P;) — 4! (P;) around the D*n and D K

thresholds!
o The same pattern should be repeated in the bottom sector
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Summary and outlook (2)

e Ongoing:
= To extract the D7 phase shifts directly from data
= To compare the FV energy levels calculated by the Hadron Spectrum

Collaboration in moving frames
o Immediate suggestions for experimental tests:

1= Update the measurement of the B~ — D*Tx~r~, in particular there
should be strong variations in (P;) — 4! (P;) around the D*n and D K

thresholds!
o The same pattern should be repeated in the bottom sector

Thank you !
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HQS for D?,(2317) and D,;(2460)

o Heavy quark flavor symmetry:
for a singly-heavy hadron, My, = mqg + A+ O (mél)

e rough estimates of bottom analogues whatever the D, ; states are

1 1
_ 2 N
MB.:O = MD:O(2317) -+ Ab—c + O <AQCD (—mc — —mb)> =~ (565 + 015) GeV
1 1
Mp., = Mp,, 2460) + Dp—c + O <A%CD (E - E)) ~ (5.79 £ 0.15) GeV
c b

here Ay_. = my —m. ~ Mp, — Mp, ~ 3.33 GeV, where
Mp, =5.403 GeV, M p, = 2.076 GeV: spin-averaged g.s. ()5 meson masses
= both to be discovered '

e more precise predictions can be made in a given model, e.g. hadronic molecules

"The established meson Bj1(5830) is probably the bottom partner of D1 (2536).
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Chiral Lagrangian (l)

o The leading order Lagrangian:
1
() = D, PD*P' — m? PPt

with P = (D%, D*, D) denoting the D-mesons, and the covariant derivative
being

D,P = 9,P+Pri, D,P'=(0,+T,)P,

r, = % (uTauu + u@uuT) ,

where u, =i [uf (9, —ir,)u+u(0, —il,)ul], u=ePeda/F0)
Burdman, Donoghue (1992); Wise (1992); Yan et al. (1992)

o this gives the Weinberg—Tomozawa term for P¢ scattering
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Chiral Lagrangian (ll)

o Atthe next-to-leading order O (p®):  FKG, Hanhart, Krewald, MeiBner, PLB666(2008)251

/Sff}» = P[~ho(x+) — hix+ + ho(u,ut) — hau,ut] P
+D,, P [hy{u,u”y — hs{u,u"}] D, PT,

x+ = ufxul £uxtu, x = 2Bydiag(m,, mg, ms)
o LECs: hiss =0 (N), haag =0 (N1
Mp, — Mp = h; =0.42
ho: can be fixed from lattice results of charmed meson masses
h2 3,4,5: to be fixed from lattice results on scattering lengths
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Chiral Lagrangian (ll)

o Atthe next-to-leading order O (p®):  FKG, Hanhart, Krewald, MeiBner, PLB666(2008)251

'szi)r = P[~ho(x+) — hix+ + ho(u,ut) — hau,ut] P
+D,, P [hy{u,u”y — hs{u,u"}] D, PT,

x+ = ufxul £uxtu, x = 2Bydiag(m,, mg, ms)
o LECs: hiss =0 (N), haag =0 (N1
]\4'1)S — Mp = hy =042
ho: can be fixed from lattice results of charmed meson masses
h2 3,4,5: to be fixed from lattice results on scattering lengths
e Extensions to O (p3), see Y.-R.Liu, X. Liu, S.-L. Zhu, PRD79(2009)094026; L.-S. Geng et
al., PRD82(2010)054022; D.-L. Yao, M.-L. Du, FKG, U.-G. MeiBner, JHEP1511(2015)058;

M.-L. Du, FKG, U.-G. MeiBner, D.-L. Yao, EPJC77(2017)728
renormalization: M.-L. Du, FKG, U.-G. MeiBner, JPG44(2017)014001
PCB-term subtraction in EOMS scheme using path integral:

M.-L. Du, FKG, U.-G. MeiBner, JHEP1610(2016)122
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Lattice studies of the charmed scalar mesons

e Early studies using only cs-type 0
interpolators typically give mass larger

than that for D%,(2317) E 0.5 bands: our predictians i L. Liu et al., PRD87(2013)014508 -
Bali (2003); UKQCD (2003); ... %
L =
e c5+ DK interpolators: ~right mass 2 L e
Mobhler et al., PRL111(2013)222001 % I +
3 sk

= Ensemble (1) 1

Bali et al., PRD96(2017)074501 * Ensemble (2)
o 1y. = ; :
e (S,1)= (0, 5). cq+ D interpolators: 2, L . fol)f?v TR
Mohler et al., PRD87(2013)034501 AMeV]

Luscher’s formula = D phase shifts (M, ~ 266 MeV)
= BW parameters of D(2400) consistent with PDG values

Mohler et al. PDG2016
Mp: — 3 (Mp +3Mp-) (351 +21)MeV (347 4 29) MeV
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Lattice studies of the charmed scalar mesons (2)

(5,1) = (0, 3): first coupled-channel lattice calculation including interpolating
fields for c§ + D7 + Dy + D K: Moir et al. (Hadron Spectrum Col.), JHEP1610(2016)011

M, = 391 MeV, Mp = 1885 MeV: D threshold (2276.4 4 0.9) MeV
three volumes: 162 x 128, 203 x 128, 243 x 128

for coupled channels: parametrize the T-matrix with the K -matrix formalism

T;;'(s) = K;' (s) + I (s)

ij
I;;(s): 2-point loop function evaluated with a subtracted dispersion integral
K;;(s): different forms of the K-matrix were used, summarized as

Ky (5) = (o7 +905) (57 + 411s)

fit to computed energy levels with the parametrized T'-matrix, then extract a pole
below threshold (2275.9 £ 0.9) MeV. corresponding to D(2400)?

© , D
2 _s M TS
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Energy levels in a finite volume

e Goal: predict finite volume (FV) energy levels for I = 1/2, and compare with
recent lattice data by the Hadron Spectrum Col. in JHEP1610(2016)011
= insights into Dg;(2400)

e InaFV, momentum gets quantized: ¢ = 2%, 7 € Z3

o Loop integral G (s) gets modified: [ d*q — 25 > »and one gets
M. Déring, U.-G. MeiBner, E. Oset, A. Rusetsky, EPJA47(2011)139

_ |7|<A A 2
Gls.1) = G(s) + Tim_ [% >ra)- | 2—31@)]

n

finite volume effect
I(q): loop integrand
e FV energy levels obtained by as poles of T(s, L):

T '(s,L) =V ~Y(s) — G(s, L)
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SU(3) analysis

o In the SU(3) limit, irreps: 3 © 8 = 156 D 3

S= 2
S= 1
S= 0
S =—1

A\

e Evolution of the two poles (LO) from the physical to the SU(3) symmetric case

Feng-Kun Guo (ITP)
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