A coupled channel analysis of the X(3872) lineshape
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The X(3872): the first unexpected charmonium

Important properties

M(X) ~ M(D®) + M(D*°) } |
the X(3872) remains the subject of e [ <1MeV Target of this work

intense debate. « JP¢ = 1% |sospin singlet (no charged partner has been found)
« B({/yp) = B(J/Yw), isospin break

 In pp collisions, it is produced more copiously through "prompt"
processes, rather that through the decay of B mesons

Two decades have past, the nature of

Various theories about its nature

EO D*O
* Conventional charmonium y.;(2P)
* Hadronic molecule (deuteron)
= * Compact tetraquark (diquark - anti diquark)
o TT *  Hybrid charmonium (ccbar and gluons)

 Hadro-charmonium

Compact tetraquark Hadronic molecule
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X(3872) decays

Global fit [Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]
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X(3872) decays

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]

Lo Taun
 Forapure D°D*0, yy' should be suppressed,

R~ 1073
[E.S. Swanson, Phys. Lett. B 598 (2004) 197]

* Forapure y.1(2P), the predictions are in a
wide range

e Asmall y.4(2P) component (5% - 12%) may
explain
[Feng-Kun Guo et al., PLB 742 (2015) 394-398]
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X(3872) decays

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]

Lo Taun
 Forapure D°D*0, yy' should be suppressed,

R~ 1073
[E.S. Swanson, Phys. Lett. B 598 (2004) 197]
* Forapure y.1(2P), the predictions are in a
wide range
e Asmall y.4(2P) component (5% - 12%) may
explain
[Feng-Kun Guo et al., PLB 742 (2015) 394-398]
R < 0.59, 90% C. L.
[BESIII, PRL 124, 242001 (2020)]
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X(3872) decays

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]

e The piOﬂiC transitions XCl(ZP) - 7T0Xc1 :

proceed through the isospin breaking by the
light quark masses. [S. Dubynskiy, PRD 77,
014013 (2008)]

* Suppressed relative to Ty 4

* Disfavor the y.1(2P) interpretation

[BESIII, PRL 122, 202001 (2019)]
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X(3872) decays

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]
F(w]/Y)

* Forapure y.1(2P), pJ /Y should be suppressed

* In molecular picture, an enhancement of isospin
violation can be naturally produced [F. Guo et
al., Rev.Mod.Phys. 90 (2018) 1, 015004]

* A large w interference is observed inw ™
mode, the ratio need to be reconsidered

XCN

[LHCb, arxiv:2204.12597 [hep-ex]]
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X(3872) production

[A. Esposito, Phys. Rev. D 92, 034028, 2015]

* Prompt and non-prompt productions

 There is a difference in the probability of
producing X(3872) and that of producing
light nuclei, in high energy collisions at

large pr

* Disfavor pure molecular interpretation
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X(3872) production

Prompt production rate is consistent
with NLO NRQCD predictions with the
X(3872) modelled as a mixture of
Xc1(2P) and a D°D*? molecular,
assuming production proceeds

dominantly through its y'.; component.

[C. Meng, PRD 96 (2017) 7, 074014]

Inconsistent in low pt region, which
may be due to the problem of the fixed-
order NRQCD calculation that may not
be applicable for the region with small
pT (pT ~ 5 GeV) and large forward
rapidity

Junli Ma

[ATLAS, JHEP 01 (2017) 117]

[LHCb, JHEP 01 (2022) 131]
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X(3872) production vs multiplicity

* Prompt production: X(3872) could be broken
by comovers

e Survival rate decreases with multiplicity
[A. Esposito, EPJC 81 (2021) 7, 669]

* Disfavor molecular interpretation

_ . _ X(3872)
e (Can be explained by molecular interpretation

[E. Braaten, PRD 103 (2021) 7, L071901]
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X(3872) partners

[Belle, PRD 84, 052004 (2011)] Yy T 0
- m—1
[BaBar, PRD 71, 031501 (2005)] JIY

[Belle, PTEP 2014 (2014) 4, 043C01]
[LHCb, JHEP 04 (2022) 046] X = ]J/Yn

* Negative result for charged and C-odd partners
* Disfavor compact tetraquark interpretation

X(3872): [cu][cu]
X*:[cu][cd] ?
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X(3872) partners

[Belle, PRD 84, 052004 (2011)] Yy T 0
- m—1
[BaBar, PRD 71, 031501 (2005)] JIY

[Belle, PTEP 2014 (2014) 4, 043C01] X — J/4m
[LHCb, JHEP 04 (2022) 046]

[Compass, PLB 783 (2018) 334-340] ¥ _ ]/1/)7-["'7-[— 4.1 0

M = 3860 + 10.4 MeV
[ <51 MeV
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Lineshape measurement

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]

 Two important decay modes:

> ™ ] /1: Pure charged daughter particles,

higher selection efficiency, lower background,
narrower peak.

> D*DY + c.c.: Major decay mode, the opening
threshold will strongly distort the lineshape.
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Lineshape measurement with BESIII detector

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]

 Two important decay modes:

> ™ ] /1: Pure charged daughter particles,

higher selection efficiency, lower background, /

narrower peak.
> D*DY + c.c.: Major decay mode, the tpening
threshold will strongly distort the lineshape.

[BES I, PRL 122, 232002(2019)], [BES Ill, PRL 124, 242001(2020)]

We have well established samples for both
modes, we can perform a simultaneous fit!
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Parameterization

[C. Hanhart, PRD 81, 094028]

dBI"(DOEOT[O) _B 1 g * keff(E)

x x Br(D*® — DOr°
dE 27 X ey < BripT - b

dBr(n+n_]/1,b) _B 1 . Lot - I/
dE " 2m " |D(E)|?

Composite particle with one unstable constituent

1 [
DEE)=E—Ex+59+ (xetr(E) + ikeee(E) +icgee (E) + ikgg(E)) + > To

ketr(E) = \/H—p\/\/(E —Ep)? +T?/4+E — Eg
it (E) = — T[N — En)? 41774 — E + Ey

+\/;Tp \/(EX — ER)2 +T7/4—Ex + Eg
Fo =ty T Fenown + Tunknown
EX - MX - (mDO + mEO + mn.O)

* Due to the limited statistics, Dynknown/Tn+ -y 1S fixed

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]
* |t brings us the largest uncertainty
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Parameterization

[C. Hanhart, PRD 81, 094028]

dBI"(DOEOT[O) _B 1 g * keff(E)

x x Br(D*® — DOr°
dE 27 X ey < BripT - b

dBr(n+n_]/1,b) _B 1 . Lot - I/
dE " 2m " |D(E)|?

Composite particle with one unstable constituent

1 [
DEE)=E—Ex+59+ (xetr(E) + ikeee(E) +icgee (E) + ikgg(E)) + > To

ketr(E) = \/H—p\/\/(E —Ep)? +T?/4+E — Eg
cest(E) = —Ji [N~ T T2/4 — E + Eq

+\/u_p\]\/(EX—ER)2+F)§/4—EX+ER \

E
o = Fn+n—]/¢ + Tknown * lunknown I'(E) =Tp BI‘(D*0 - DOTIO) (E_> + BI‘(D*O - Doy)
EX - MX - (mDO + mEO + mn.O) R

q \/J(E—ER)Z +TI%2/4—E+Eg— i\/\/(E—ER)Z +T2/4+E—Ep=,/—-2(E—Eg +il/2)

N| W

I'p = 55.9 keV
* Due to the limited statistics, Dynknown/Tn+ -y 1S fixed

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]
* |t brings us the largest uncertainty
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Parameterization

[C. Hanhart, PRD 81, 094028]

dBI"(DOEOT[O) _B 1 9 g * keff(E)
dE T 2n” |D(E)|?

X Br(D*® - Dx?)

dBr(n+n_]/1,b) _B 1 . Lot - I/
dE " 2m " |D(E)|?

Composite particle with one unstable constituent

1 [
DEE)=E—Ex+59+ (xetr(E) + ikeee(E) +icgee (E) + ikgg(E)) + > To

ke () = Ty |G~ B+ 1274+ = B Key features:

Keff(E) = — [ty \/ J(E —ER)2+T2/4—F + Ey  Model independe_nt
* Including the DD self energy terms
+, /iy J \/ (Ex — ER)?2 +TZ/4 — Ex + Eg * Including the width of D*

* Including the coupled channel effect

[ =1+ - + T + I .
0= "ty T Tkmown T funknown » Fit parameters: g, [+, My

EX - MX - (mDO + mEO + mn.O)

* Due to the limited statistics, Dynknown/Tn+ -y 1S fixed

[Chunhua Li, Chang-Zheng Yuan, PRD 100(2019) 094003]
* |t brings us the largest uncertainty
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Parameterization

2Im[D(E)] = g = (keff+kgff) + Fn"'n‘]/lp + Tknown + Tunknown

The produced numbers of events in a fitting
range (Enins» Emax) are:

prod

prod Fmax B 2 Im[D (E)]
= dE * 5
2T |D(E)] Hpo5or0 = €popogo X Rpopor0 Xy 3075y

Hx(3872) =

Emax — prod
uboos o = Br(D*® - D) x j dE 2, 9" Ker Mrtnoyp = Extnmypp X Rty X By 3e72)

p°Dr® . 21" [D(E)2 )

Epnx r ‘ € : efficiency and branching fractions correction
prod j B " ntn” ]/ Emax dE g * keff

dE

Mrtn=gw = 2m |D(E)|? Emn___ |D(E)|?
Emin | ( ) Rpopogo = Br(D*O ~ DonO) g fE d 2 Im[D(E)]
max E
Emin |D(E)|2

I+ -
Emax ' ]/Y
dE
R . fEmin |D(E)|Z
ntn ]/ —

Only one new parameter i} 5. ferer g ZImD(E)
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Result of lineshape parameters
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~~

02

~

Events / (3 MeV

16

2 .- Signal 70F -...- Signal
14 Background o - Background
C ==== Lineshape v 60 ===« Lineshape
12:_ — Total § 505
10 + =
- - 40__
8F L E
6 ~ 30F
- £ 20F
4 s e
2:_ 1] oo l i m 10__
O . : .I '.'I """l"-'-l-' S TR BT ' ot et P e e e e e e O
3.86 . 3.92 3.94 3.96 3.98 3. . .
2 — } 2
I]Tl]ll LIII.IITT lll Il{ ”}}TII ll Ill 0 ”"M{lr aEs “1{1‘ 'h" IEELE: H
0 “Tlf; trIjerYe,t ¢ 1Y 1+* Tlf;fl+Tlf _2 _lT!Y el T¢ TT*T; {lIl T**lf{f }Tff T{ 11
3.86  3.88 3 392 394 396 398 3.75 3.8 3.85 3.9 3.95 4

M(%Ol_)ono) (GeV/c?) M (ntn=J/v) (GeV /c?)
g =016+ 0105577

o = (2.67 £ 1.77X§33) MeV

My = (3871.63 + 0.13%39¢) MeV

Large systematic uncertainty
from I‘unknow/Fn"'n_]/tp
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Systematic uncertainties

Sources:

@ The width of D*°

€ The uncertainties of the efficiency corrections

€ The mass resolution model

@ The background shape

@ The mass of D°

€ The uncertainties of the center-of-mass energies

@ The input ete™ cross sections and decay models in
MC simulation

@ The largest uncertainty a: the value (I own +
Lunknown)/U+n=; IS changed in range (4.2, 21.8),

mostly due to the lack of knowledge about the
X(3872) absolute branching fractions
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Pole search

* Due to causality, the scattering amplitude should be
analytic over the complex energy plane, up to poles and
branch cuts
* The pole locations can reveal the intrinsic properties of E_o.s
the particle 0.4
« Two sheets with respect to D*°D° branch cut 05
-0.6

« Sheetl: E —Ey — g\/—Zu(E — Eg +il/2) V6 62 64 6.6 Iile(?IM 74 76 78
* Sheetll: E — Ex + g/ —2u(E — Eg + il /2)

-0.5

=
* Ep = (7.04 £ 0.15%30%) + (=0.19 + 0.08X315)i MeV : -
* Ey=(0.26 +5.741353,) + (-1.71 £ 0.9013:38)i MeV

M(D°D*%) — M(D°D°r®) = 7.0332 MeV
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Pole search

* Due to causality, the scattering amplitude should be

analytic over the complex energy plane, up to poles and PER

branch cuts
 The pole locations can reveal the intrinsic properties of 7.0332 MeV |
the particle

* Two sheets with respect to D*°D° branch cut "
+ Sheetl: E — Ex — gJ—2u(E — Ep +irj2) £03
* Sheetll: E — Ex + g/ —2u(E —Eg +il/2) ~ -04
—0.5

7.04 — 0.19i MeV

« E; =(7.04 +0.15%332) + (—0.19 + 0.08%315)i MeV

« Eyp=(0.26+5.74734%,) + (=1.71 £ 0.90*2-52)i MeVv

e E}is much closer to the threshold, should play a
dominant role in the X(3872) confinement mechanism

_ ||I|||I|||||||I|||I
06662 6.4 66 68 7 7.2 7.4 76 7.8
Re E (MeV)
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Pole search

Junli Ma

1
(1o
020
0.5 W30
[]Not allowed

Im E (MeV)
S
(6)]

Im E (MeV)
|

11 I | I T - | 111 1 | 11 1 1 I 11 1 1 I 11 1 1 I 111 1 I 11
-25 -20 -15 -10 -5 0 5
Re E (MeV)
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The effective range expansion

* Near the threshold, the scattering amplitude can be
expanded as the power series of the momentum k =

\/Z,u(E — ER) (Effective Range Expansion, ERE)
+ S-Wave f71(E) ~ =+ Zk? — ik + 0(k*)
* Two poles on k-plane

« k¥ =-12.6 +12.3i MeV
 k~ =14.1-115.3i MeV

14.1 — 115.3i MeV

IHEP, CAS
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The effective range expansion

|
&)
-

Imlk (MeV)
o
S

N
&)
o

—200

IIII|IIII|IIII|IIII|IIII|IIIT7IIII

. L+ — (_ +6.6 +6.0Y » B NI . T T
k (—=12.6 £ 5.5723) + (12.3 £ 6.8727) i MeV  -250 050 5 20 20 a0

« k= =(141458%33) + (—115.3 + 44.67337 ;) i MeV Rek (MeV)
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The effective range expansion

* Near the threshold, the scattering amplitude can be
expanded as the power series of the momentum k =

\/Z,u(E — ER) (Effective Range Expansion, ERE)
+ S-Wave f71(E) ~ =+ Zk? — ik + 0 (k*)
 Two poles on k-plane
¢ kt=-12.6 +12.3iMeV
« kT =14.1—-115.3i MeV
* ERE parameters * C— deuteron

* a: scattering length
* 7,: effective range *

* Inthe limit of I\; = 0 and stable D*, the ERE
parameters are determined:
« a=(—16572F>5 ) fm

27.6 —27.7
_ +0.9 +2.8
* T, = (—41I337%37%) fm

[I. Matuschek, V. Baru, F.-K. Guo, and C. Hanhart, Eur.Phys.J.A 57 (2021) 3, 101]
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The effective range expansion

[S. Weinberg, Phys. Rev. 137, B672 (1965)] Z: field renormalization constant
21—-2)1 e Z = 0: pure bound (composite) state
a=— 2=2) —+ 0™ « 7 = 1: pure elementary state
7 1]/ Bt~ mi ~ 1.4 fm, for both deuteron and the X(3872)

Te=————-+0(" i

e ey ) y = J2uE,

X(3872) deuteron
Nearby threshold D*°D° pn
a -16.5 fm -5.41 fm

Different sign, may suggest an

Te -4.1 fm 1.75 fm m) elementary cC core
[A. Esposito PRD 105, L031503]

Range correction negligible important for 7,

7 ~ 0.18 _ m) Close to 0 but can not be solved
; model-independently

_ ’ 1 1. /a| 0.25 0.32 due to the range correction
ZA =1- |[——— _
1+ |2r,/a| ZA 0.18 0.22

[Eur.Phys.J.A 57 (2021) 3, 101]
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LHCb [Phys.Rev.D 102 (2020) 9, 092005]

Flatté:
dR(J/Yym*n~) [,(E)
X
dE |D(E)|?

i No substraction term like

D(E) = F — Ef + 2 [g(k1 + kZ) + Fp(E) + Fa)(E) + FO] MJJ(EX—ER)2+F§/4—EX+ER

k1 — N/Z[,tlE, kz — \/lez(E - 5) 6 = 8.2 MeV

M(E) dm'’ m',E)l _ , o) —
Fp(E) =fp on»f ) 2m ’CI( 2) p2 M(E) = E + (mpo + mp«0) —m;
m 2T (m'-m,) +T5/4
_ M(E)dm'  q(m'E)T, Constraints:
W) = o Jimy o G-mgira NI _ 011 4 0.03
r(p*p™) } [Belle, Babar]
* T(w] /) =T(p] /)
qg(m',E) = \/[MZ—(m’+m]/¢)21£1;42—(m’—m]/lp)z] ° Ef = —7.2 MeV (3864.5)
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LHCb [Phys.Rev.D 102 (2020) 9, 092005]

Flatteé:
q fo x 10° fo Ty [MeV] mg [MeV]
0.108 4 0.003 1806 001 14404 3864.5 (fixed )

BW: ° ™ =3871695+0.067 + 0.068 £ 0.010 MeV
"+ Ty =139+ 0.24 + 0.10 MeV
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LHCb [Phys.Rev.D 102 (2020) 9, 092005]

.
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LHCb [Phys.Rev.D 102 (2020) 9, 092005]
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LHCb [Phys.Rev.D 102 (2020) 9, 092005]

lo
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nm — ay(980) — nm| [V.Baru et al. EP) A 23 (2005) 523] X((3872) » ntn~J /Y
1 r
NE — Ef + 5 (T + gik)
[ do gk
Oel = 47T|fel|2 ~ E
>0 2
k gke|” | (Io + gk)
E—E | ( + gK ) ‘E Ef — ¢ 0 7}
l"2
if the state is very narrow:
F2 1
2 2
2 ( + gKk) Er 1. 9k
- + 5+ 52k
B~ Ef| + T.l T\z2%2L,
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LHCb [Phys.Rev.D 102 (2020) 9, 092005]

* Ef € (—17,0) MeV (black dots)

* The choices of Ef do have impact on the pole location,
A(Im(EI)) > —0.5 MeV

* Not in LHCb’s systematic uncertainties

Junli Ma

majunli@ihep.ac.cn

IHEP, CAS
35/ 42



Belle [Phys.Rev.D 107 (2023) 11, 112011]

« B* 5 K*X, B? - KX
« X(3872) - D°D*0
* Constraints:

* T'(w//Y) =T(p]/¥)

e %9 _ _1511GevV-t
dEf

fp _ 1.8x1073
Ef  —7.2MeV
o _ 14 MeV
Ef  —7.2MeV

* Only g is floated as a free parameter
+ g =029157;
 BW result:

e m = 3873712328 + 0.13 MeV

e T, =52%%2 4 0.4 MeV

LHCb
« m =3871.695 + 0.067 + 0.068 + 0.010 MeV
* Ty = 1.39+0.24 + 0.10 MeV

Junli Ma
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Belle [Phys.Rev.D 107 (2023) 11, 112011]

0; .................................................................................................................
B [ ]1sigma
- []2sigma
51— M3sigma
B [ |Notallowed v
-10 |-
_15:_ v‘rv
20 .
_2:II|IIIII|III|III|II|IIII|II _25;IIII|IIII|II Il\ll |
6 6.2 64 66 68 7 7274 76 78 8 —20 —150 -100 —-50 0

E, =7.12— 0.12 i MeV E; = —5.82 — 2.84 i MeV
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Belle [Phys.Rev.D 107 (2023) 11, 112011]

50
0
k — plane 0 Belle
100
kT =—15.34+ 7.7 i MeV
=150 k= =17.3 — 158.5 i MeV
~200¢ v r, = (~3.0113) fm
_250:||| ., a=-3121Mm

Junli Ma IHEP, CAS

majunli@ihep.ac.cn 38/ 42



g 0.108 £ 0.003*3-802 0.2975%2 0.16 + 0.10%3 1%
Re[E] [MeV] 7.10 7.12 7.04 £ 0.15%3:07
Im[E;] [MeV] -0.13 -0.12 —0.19 + 0.08%514
Re[k™] [MeV] —13.9 ~15.3 —12.6 £ 5.57%%
Im[k*] [MeV] 8.8 7.7 12.3 + 6.8%3
tfm ~274 ~312 165357,
e fm) 3 ~3.0%3 ~4143444
2 0.15 (0.33) 0.08%394 DAFERHS H0C
Junli Ma HEP. CaS
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We performed a coupled channel analysis of the X(3872)
Lineshape. With BESIII data, the D°D°r® and m* ™ /3
samples are analyzed simultaneously for the first time.

The result 1s consistent with the molecular picture. Due to the
uncertainty, the presence of a compact component can not be
excluded.

Future data taking and more measurements of the X(3872)
decay modes will help.
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V1o /
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Backup slides
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kt =—-13.9+ 8.8i MeV

k™ =14.1 — 84.5i MeV
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Estimation of the width of D*Y

The Lagrangian for D* — D 4+ m under HQSS is

L = —g < H_aHbyIin > a'uMba,

T
Where H is the heavy meson fields and the M is the matrix of pseudoscalar

mesons. The partial width of D** — DY * reads
Pl 1 4g°

— M «+ Mo .
C 87TM5*+ 3 fn |pn| p*t 1 po
For D*° - D° ir°
24 oL 2g° D> M e+
0 87‘[M12) 3 fn 124 0 po 2| |3M po c

One obtains the strong decay partial width [Il; = 35.8 keV, the total width of

D*Y is estimated to be

[0 = Yo+ 554 keV
64.7%




