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What are we looking for?

Mass (MeV)
47001 2(4660) Xal4700) X.1(4685)
N (1500)
X,(4500
7.(4430 o200
45007 ¥ (4415) (4439)
Thresholds: /(4360) " . (4274)
DD; ... ¥(4230) 1| |17 (4200) -
1160) | | === X4(4140)
41003;:[5%: ....... 4 (4040) X(4020)
DD, ... o T X(3915) X5(3930)
30001 07 Z.(3900) — X.4(3872) U(3823)  Ya(3842)
. _Y(3770) ™ X.(3860) 2 5
3700170, g |22 w
T 7T0 Y \ XC].(]‘P) XCZ(]'P)
35001 " h.(1P) X (1P)
3300+ s
T 7'('0
KK n T, W
3100 \A \ 4
7.(19) J /¢ (15)
2900+
J¢— ot 1~ 1t o+t 1+ o+ o - g -
PDG 2021




Everything is fine with y ,(2P)
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is X(3915) a y.,(2P) ?

[Belle 2005] B — J/ywK : X(3915):
later confirmed by [BaBar 2008, 2010]

[Belle 2010] yy — X(3915) —» J/yw
[BaBar 2012] spin-parity analysis : J*¢ = 0
(assuming helicity-2 dominance of tensor resonance)

Problems: [Brambilla et al. 2011, Olsen 2015, ...]

¢ No decay mode to DD (S-wave) was observed

e The X(3915) — J/ww decay should be OZI suppressed
e Narrow, width of ~20 MeV

e Small mass splitting with y,,(3930)

e Might actually be the same state as y,,(3930) [Zhou et al. 2015]

[LHCb 2021] B* — D*D~K*
found narrow J£¢ = 0%t resonance around ~3.92 GeV
(amplitude analysis)
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Events / 10 MeV

Another possibility for y . (2P) ?

yy = DD yy — DD
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Another possibility for y . (2P) ?

yy = DD vy = DD
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[Guo Meiliner 2010]
two Breit-Wigner functions: mass and width of y,,(3930) 1s fixed, and y_,(2P) 1s fitted
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Events / 50 MeV/c?

is X(3860) a y.,(2P)?

ete™ — JIwDD
1 8— Problems:
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Theory overview

vy = DD vy — DD ete™ — JlwDD
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Theory overview

yy = DD yy = DD ete™ > J/wDD
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© [Guo MeiBner 2010] Breit-Wigner analysis of yy — DD: found a broad y,.,(3860)



Theory overview
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© [Guo MeiBner 2010] Breit-Wigner analysis of yy — DD: found a broad y,.,(3860)

© [Wang et al. 2021, Gemerman et al. 2007] Unitary approach (BSE) found that yy — DD &
eTe”™ = J/wDD data do not contradict dynamics with the encoded bound state:
no broad y,.,(3860) is needed



Theory overview

yy = DD yy = DD ete™ > J/wDD
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© [Guo MeiBner 2010] Breit-Wigner analysis of yy — DD: found a broad y,.,(3860)

© [Wang et al. 2021, Gemerman et al. 2007] Unitary approach (BSE) found that yy — DD &
eTe”™ = J/wDD data do not contradict dynamics with the encoded bound state:
no broad y,.,(3860) is needed

o [Prelovsek et al. 2022] Lattice analysis of {DD, DD} with m_= 280 MeV found 3 states with 0**
1) DD bound state
2) broad state likely related to y,.,(3860)
3) D,D, quasi-bound state (i.e. bound state if DD is off) which might be y,.,(3915) or X(3960)



Theory overview

yy = DD yy = DD ete™ > J/wDD
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© [Guo MeiBner 2010] Breit-Wigner analysis of yy — DD: found a broad y,.,(3860)

© [Wang et al. 2021, Gemerman et al. 2007] Unitary approach (BSE) found that yy — DD &
eTe”™ = J/wDD data do not contradict dynamics with the encoded bound state:
no broad y,.,(3860) is needed

o [Prelovsek et al. 2022] Lattice analysis of {DD, DD} with m_= 280 MeV found 3 states with 0**
1) DD bound state
2) broad state likely related to y,.,(3860)
3) D,D, quasi-bound state (i.e. bound state if DD is off) which might be y,.,(3915) or X(3960)

In order to figure out what is going on with 0™+

yy = DD and ete™ — J/wDD

we employ a data driven dispersive analysis of




Formalism
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partial wave dispersion relation (S wave)

AIms

~ Full p.w. dispersion relation (causality, crossing, unitarity)

Re s
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partial wave dispersion relation (S wave)

~ Once-subtracted p.w. dispersion relation

tp(s) =1,(0) +—

ﬂ—OO

N >

Uab (S )
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partial wave dispersion relation (S wave)

~ Once-subtracted p.w. dispersion relation

tab(s) — ab(o) +—
S s'—s

T
—0o0 Sth

N >4

U, (s)

can be solved using N/D method with input from U.y(s) above threshold Chew, Mandelstam (1960)

Luming (1964)
Johnson, Warnock (1981)

/

s'—s

SrL ds' Imt,(s") —Z[ ds’ t,.(s") p(s") £5(s")

Uass) + = ZJ ds’' N8 Pels) (Ul = Upy(s))

s'—s

POCRTIEY e HOTIG

Ky s'— s
the obtained N/D solution can be checked

that it fulfils the p.w. dispersion relation
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partial wave dispersion relation (S wave)

~ Once-subtracted p.w. dispersion relation

tab(s) — ab(o) +

sJ’SL ds’ Im¢,(s" _Z[ ds' t,.(s") p(s") 5 (s")

/

) 8 s§—s s’ —§
oo Sth
Uab(s)
can be solved using N/D method with input from U.y(s) above threshold Chew, Mandelstam (1960)

Luming (1964)
Johnson, Warnock (1981)

ds’ N, (") p(s") (U p(s) — Ugp(s))
ab(8) = Uyp(s) +— ZJ - RALE " _bSS A
.S ®ds" N, (s") pp(s’)
Dab(s) - 5ab T [Sth % s — g

the obtained N/D solution can be checked

that it fulfils the p.w. dispersion relation
~ Bound state case

det(D,,(sp)) = 0

Sp Sp—S T S s'—s
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partial wave dispersion relation (S wave)

o I=0has {yy,zn,KK,...,DD, ...} channels, but the coupling of charmed {DD, ...} with
uncharmed {7z, KK, ..} are strongly suppressed: separately focus on {yy, DD, ...} and
{yy,nr,KK, ...}

13



partial wave dispersion relation (S wave)

o I=0has {yy,zn,KK,...,DD, ...} channels, but the coupling of charmed {DD, ...} with

uncharmed {7z, KK, ..} are strongly suppressed: separately focus on {yy, DD, ...} and
{yy,nr,KK, ...}

~ Neglect yy intermediate states in the unitary relation
=> coupled-channel {yy, DD, ...} equations reduce to the hadronic part and photon-fusion part
Focus on energies 4m12) <1/s <4.0GeV (~ 4m12))

P T Jam s’ s'—§ Dpp(s)

4

s [© ds' Im Dpp(s)U,, pp(s)
0 =) Daas)(——[ e
T 4m12) S S — S

13



partial wave dispersion relation (S wave)

o I=0has {yy,zn,KK,...,DD, ...} channels, but the coupling of charmed {DD, ...} with

uncharmed {7z, KK, ..} are strongly suppressed: separately focus on {yy, DD, ...} and
{yy,mn,KK, ...}

~ Neglect yy intermediate states in the unitary relation
=> coupled-channel {yy, DD, ...} equations reduce to the hadronic part and photon-fusion part
Focus on energies 4m12) <1/s <4.0GeV (~ 4m12))

P T Jamy s’ s'—§ Dpp(s)

4

s [© ds' Im Dpp(s)U,, pp(s)
0 =) D,;,B<s>(——[ e
T 4m% S S — S

- Using the known analytical structure of left-hand cuts, one can approximate Uqgs(s) as an expansion

in a conformal mapping variable &(s) oL Gasparyan, Lutz (2010)
to be determined from the fits )T
- rel f____{_____i)___D_h physical region
—
Upp(s) = mn(s) ——————————————— -_JL Sth _S.E,
n=0 §(sm) =0
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partial wave dispersion relation (S wave)

o I=0has {yy,zn,KK,...,DD, ...} channels, but the coupling of charmed {DD, ...} with

uncharmed {7z, KK, ..} are strongly suppressed: separately focus on {yy, DD, ...} and
{yy,mn,KK, ...}

~ Neglect yy intermediate states in the unitary relation
=> coupled-channel {yy, DD, ...} equations reduce to the hadronic part and photon-fusion part
Focus on energies 4m12) <1/s <4.0GeV (~ 4m12))

P T Jamy s’ s'—§ Dpp(s)

4

s [© ds' Im Dpp(s)U,, pp(s)
T 4m% S S — 3

- Using the known analytical structure of left-hand cuts, one can approximate Uqgs(s) as an expansion

in a conformal mapping variable &(s) oL Gasparyan, Lutz (2010)
to be determined from the fits )T
- rel f____{_____i)___D_h physical region
—
Upp(s) = mn(s) ——————————————— -_JL Sth _S.E,
n=0 §(sm) =0

(soft photon theorem) 7 b b7 D



How good is Born left-hand cut for {yy, nz, KK}?

Fit to hadronic data » Post-diction based on Born left-hand cuts
0 NA482 — Total o Marsiske et al.
3OOZ o Qrayer et al. Sol. B JIT—> Tt 4Oj — S wave YY %JTOJTO m Uechara et al.
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. @ Garcia—Martin et al. :
200" _ 30
—~ r el i
N : =
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N N/D + Data ] ’ ] S
so! e 5 100 =, } %
b i T
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Analysis of yy = D™D~ and yy — DDV data

: { 0 H v
LR RReL
Z{ L{H%%{%”M% HQH

375 380 385 390 395 375 380 385 390 395 400
/s [GeV] Vs [GeV]
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Analysis of yy = D™D~ and yy — DDV data

S-wave: [ = 0 Born with dispersive rescattering, / = 1 only Born _, 3 parameters from N/D
D-wave: y,.,(3930) is a Breit-Wigner hel-2 with PDG mass/width + normalisation ratio (S/D wave)

: { H | 25 gm0
LR RReL
Z{ L{H%%{%”M% HQH

375 380 385 390 395 375 380 385 390 395 400
/s [GeV] Vs [GeV]

Fit photon fusion data

fix hadronic part
15



Analysis of yy = D™D~ and yy — DDV data

S-wave: [ = 0 Born with dispersive rescattering, / = 1 only Born _, 3 parameters from N/D
D-wave: y.,(3930) is a Breit-Wigner hel-2 with PDG mass/width + normalisation ratio (S/D wave)

0.(5), 0,(5)

--------------------------

[ 0 Belle, D'D™ —— yy—>D*Dtotal ----- D—wave ]
25[ m Belle, D°D°  ----- S—wave 1
- —— yy-DDP total
> 20_ Tt S—wave
5 [
S 15} -
\ L
i é/"""‘; /ﬁ\
[ }/ Tl e
| st
Ob Lo e T

..........................
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Analysis of yy = D™D~ and yy — DDV data

S-wave: [ = 0 Born with dispersive rescattering, / = 1 only Born _, 3 parameters from N/D
D-wave: y.,(3930) is a Breit-Wigner hel-2 with PDG mass/width + normalisation ratio (S/D wave)
c.(s),0,(s) o.(s) + o,(s)
0 Belle,D'D-  —— yy->D*D-total ----- D—wave ]
25_ m Be]]e,DOﬁO ----- S—wave ] 25_
—— yy-DDP total -
. 20l e S—wave > 20l
O [ ) [
= | = |
= 15} [ 1 = 15}
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e 0
3.75 3.80 3.85 3.90 3.95
Vs [GeV]
Bound state (BS): S5s = 3695(4) MeV
S8 |85s—op| = 27(1) GeV
a
B | 855y, | = 0.011(1) GeV
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Destructive interference
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Destructive interference

yy—)D+D
[ o Belle, DD~ —— yy-»D*Dtotal ----- D—wave ] 10-",-.‘ —————— Bbrn |
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1) Consider again {77, KK} coupled channel system \/S_O =993 —i2]1 MeV
2) Switch off zz channel = f;,(980) becomes a KK bound state with \/@ = 961 MeV
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Destructive interference
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1) Consider again {77, KK} coupled channel system \/s_ﬁ) =993 —i2]1 MeV
2) Switch off zz channel = f;,(980) becomes a KK bound state with \/@ = 961 MeV
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Destructive interference

Suppression of KTK~ channel compared to KK is also seen in the full amplitude analysis of

[Da1 Pennington 2014]
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Prediction for yy — &z cross section for unphysical m

m, = phys m, = 239 MeV m, = 391 MeV
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in the case of a bound state: charged channel is suppressed compared to neutral



yy — DD angular distribution

do
dcos 6
" 5 Belle, 391 — 395 G'eVI:
S N P S—wave
15 T T I D-wave
' T Total C .
= ) Angular distribution 1s mainly D-wave:
lo-zzii_\.@—. however, one cannot exclude an additional
f_\\\§ small S-wave contribution from y,.,(3915)
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ete™ — J/yDD data

ete—>JlyDD
b 18F o Belle ]
> - ' i
2 16" Belle 2017 15 |
B 14 . ‘
@ 1204 . Q| ] |
5 1o only 6 data points E 10-
G L x0(3860) ? below 4 GeV SO B
2 s +
aft * » |
2:_f' R I . _I_ N P .H.__- )( (3930)
| 1 c2 |
0E .Iﬂl‘%;—mmw OC
4 4.5 5 M5.5G v/ 26 3.75 3.80 3.85 3.90 3.95
-, GeV/c
DD Vs [GeV]

© No realistic estimates can be done from this data alone; full experimental dataset is needed
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ete™ — J/wDD data

ete--»Jyop
Nc\; 18 L 0 Belle
> C I
2 16" Belle 2017 15! T 3
= & - bound state ——
3 14F |1 . | |
8 12 , o |
5 1o only 6 data points E 10}
g FHL x.0(3860) ? below 4 GeV 2]
6if z sl
4m * : :
2Z_f' R -=-d- _._I._.. .-.-...-.H,- ){ (3930)
i c2 :
0E .Iﬂl‘%;—mmw OC
4 4.5 5 v 5.5GI v/ 26 3.75 3.80 3.85 3.90 3.95
_, GeV/c
DD Vs [GeV]

© No realistic estimates can be done from this data alone; full experimental dataset is needed

© Post-diction based on the obtained DD Omnes function shows a good description of the S-wave region

—O 1/2(S q m]/y/ /11/2(‘? mD’ mD)
\ the only fitting parameter

© Our results based on yy — DD data are consistent with ete™ — J/wDD data

o]
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Conclusion and outlook

™ Dispersive analysis of the yy — DTD~, D’D" data, consistency check with the ete™ — J/wDD
data

M No broad resonance corresponding to X(3860) found
M Bound state below the DD threshold, ~ DD molecule

M More data is needed: Belle Il yy — DD, BESIII decay w(3770) — DDy, PANDA ...

X (3915) X.5(3930)

Still an open question about y,.,(2P): X.4(3872)

is it a DD molecular or it is a X(3915)? i
DD

mol.

[ Dispersion theory can be applied to many other exciting processes

J Light: yy — 7%, KK; (g — 2) , HLBL contributions

O {JlyJly, Jly w(2S)} scattering LHCb

Thank you!



Extra slides
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How good is Born left-hand cut for {yy, nz, KK}?

Fit to hadronic data

300-

O

<o

250 *
F @

- —— N/D + Roy

NA48/2

Grayer et al. Sol. B
Kaminski et al.
Garcia—Martin et al.

-- N/D + Data

JLT—> T

» Post-diction based on Born left-hand cuts

0 Marsiske et al. |
m Uecharaetal.

40+

10-

04

06 08
Vs [GeV]

= ==
i ==

-
R
~ -

~~~~~

1.0 1.2 053

05 06

Vs [GeV]

Input: experimental data/Roy analysis + threshold parameters NNLO + Adler zero NLO

pole position, MeV

Our results

couplings, GeV

Roy-like analyses

pole position, MeV

couplings, GeV

vy : 5.6(1)(1) - 1073

vy :6.1(7) - 1073

o/ fo(500) | 458(10)F75 —i256(9)T5  mm:3.33(8)10 12 449132 —i275(15)  wmw: 3.4570%
KK :211(17)1047 KK :—
vy : 4.0(8)1%3 . 1073 v 3.8(1.4) - 1073
£0(980) 993(2)+2 —i21(3)*2 r: 1.93(15)£997 99617, — 25T s 2.3(2)
KK :5.31(24)709; KK : —

I.D, Deineka, Vanderhaeghen (2020)
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Convergence of conformal expansion

Upp(s) = D C, (s)

n=0

1500|

Good convergence with 3 parameters in |
conformal mapping expansion = 1000¢
there 1s no need for more parameters |

500!

140 145 150 155
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Analysis of yy = D™D~ and yy — DDV data

Events / 10 MeV

| o Belle, DD~
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Analysis of yy = D™D~ and yy — DDV data
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Bound state: \/g = 3695(4) MeV
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