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Status of the X(3872)
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X(3872) aka y.1(3872)

® Discovered in BT —» K*J/ym*n™ Belle, PRL91(2003) 262001

® JPC = 1% | 1cb, PRL110(2013) 222001 couple to D°D*? + c.c. in S-wave
® Mass: extremely close to the D°D*0 threshold, binding energy § = M0 + M0 — My
6 = 0.01 + 0.14 MeV LHCh, PRD102(2020)092005; & = 0.12 + 0.13 MeV LHCb, JHEP08(2020)123
Inclusive b-hadron decays Bt - K*X(3872)
® BW width: < 1.2 MeV Belle, PRD84(2011)052004
1.39 + 0.26 MeV  [HCh, PRD102(2020)092005; 0.96 + 0.28 MeV  LHCb, JHEP08(2020)123
from BW fits;

width from the Flatté analysis is much smaller: LHCh, PRD102(2020)092005
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BW not suitable for near-threshold structures E I ol
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(N [GeV] LR — [GeV]
® Strong couplingto D°D*Y +c.c.: B > 30% Belle, PRD81(2010)031103
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X(3872) aka y.1(3872)

® Huge isospin breaking PDG2020, average of BESIII, 122(2019)232002 and BaBar, PRD82(2010)011101
B(X-w]/P) :
= 1.1 + 0.4, largely from phase space difference
B(X~pJ/ ) = BEIY TTom phase sp

9Xpj/p _ 0 26+0.08
— U.4U_0.05 C.Hanhartetal., PRD85(2012)011501(R)
9Xwj/Pp

® Radiative decays

B(X->yyr) : ——— .
=34+14 BaBar, PRL102(2009)132001 3800 38z 380 3875
BX—Y]/¥) - PR1102(2009)

= 2.46 + 0.70 LHCb, NPB886(2014)665

< 2.1 @90% C.L. Belle, PRL107(2011)091803

< 0.59 @90% C.L. BESIII, PRL124(2020)242001

® Productions: found in B —» KX,B —» KnX,eTe™ — yX,pp/pp inclusive, y*y
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Models and crucial quantities

® DD* hadronic molecule, predicted by N.A.Térnqvist zPC61(1993)525
® Diquark-antidiquark tetraquark L. Maiani, F. Piccinini, A. D. Polosa, V. Riquer, PRD71(2005)014028
® Mixture of DD* hadronic molecule with ¢ vu.s. Kalashnikova, PRD72(2005)034010; ...

E. Eichten et al., PRD17(1978)3090, D21(1980)203

Important quantities in determining the DD* component (compositeness 1 — Z) inside
X(3872):

> width of long-distance processes: X = DYD%r®, DDy => coupling constant to DD*
» binding energy

> DD* scattering length (from lattice)

N z_n _ —2(1-2)
gir=0-2) #2\/2u5[1+0(\/2u5/ﬁ)] T

S. Weinberg, PR137(1965)B672;
FKG, C. Hanhart, U.-G. MeiRner, Q. Wang, Q. Zhao, B.-S. Zou, RMP90(2018)015004
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Debates

Debates regarding processes involving short-distance physics, e.g.,

® radiative decays X — y/J /Y, X - yy':
ratio suggested to be sensitive to

internal structure; however,
» loops are sensitive to unknown

couplings g pp/ 95 ppD
» UV divergent loops, needs a

FKG, Hanhart, Kalashnikova, Meiner, Nefediev, PLB742(2015)394
counterterm (Short_distance physics) see also Mehen, Springer, PRD83(2011)094009

® productions at hadron colliders: For more discussions, talk by Kevin Ingles in Session “Production”
the more extended, the more difficult to be produced, o oc §1/2

Often assumed that tetraquark is much more compact than molecule;
the X(3872) is extended by observation: D°D*° component

Factorization into short-distance and long-distance parts & graaten, M. Kusunoki, PRD72(2005)014012

May 31, 2021 FKG, X(3872)
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Spin partners

Different models normally lead to distinct heavy-quark spin structure

® X,(4013) [D*D*] expected in molecular ® Tetraquark model
mOdEIS 4050
Tornqvist, ZPC61(1994)525; C.-Y. Wong, 4000~ — Z.(4020) —
PRC69(2004)055202; E. Swanson, JPCS9(2005)79; 3950 | 7 (39000
J. Nieves, M.P. Valderrama, PRD86(2012)056004; 3900 X(3872) C_—g_g_— )
FKG, C. Hidalgo-Duque, J. Nieves, M.P. Valderrama, E wo T
PRD88(2013)054007;... 7 w0
. e ——

Heavy-quark spin symmetry: ol

MXZ_MXzMD*_MD 3650 |

3600 - L L " L

! L. Maiani, F. Piccinini, A. D. Polosa, V. Riquer,
3.9[ X@s1) KT PRD89(2014)114010

] H = 2Kqc(Sq* Sc + S5+ S¢)
3.8 i

- Spectrum similar with molecular model
3.7F -

from fixing k. using

o+t 1t+ 1+t a++

MZC(4020) - MZC(3900) ~ Mp+ — Mp
Mol. spectrum using a VMD interaction

X.-K. Dong, FKG, B.-S. Zou, Progr.Phys.41(2021)65 Distinct spectra in the P = — sector (backup)

May 31, 2021 FKG, X(3872) .
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Evidence for X,?

® Structure observed in yy = yy(2S5) Belle, arXiv:2105.06605

vy = y(2S) 1 M =4014.4+4.140.5MeV,

N
(@]

LI | LI

"

w
o

[=6+16 + 6 MeV
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o
T T 1T 171

significance: 3.00

Events/5 MeV/&

—
o
T T T

07 38 39 4 41 42
MOy (2S)) (GeV/idd)

® Width of X, » DD,DD* + c.c. predicted in molecular model:

~2 — 8 MeV M. Albaladejo, FKG, C. Hidalgo-Duque, J. Nieves, M.P. Valderrama, EPJC75(2015)547

~50 MeV V. Baru, E. Epelbaum, A.A. Filin, C. Hanhart, U.-G. MeiRner, A.V. Nefediev, PLB763(2016)20
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Lattice results

Evidence found below DD* threshold S. Prelovsek, L. Leskovec, PRL111(2013)192001;

) . . M. Padmanath, C. Lang, S. Prelovsek, PRD92(2015)034501
® |sospin symmetric calculation

® Both ¢c and DD* operators are needed

o Mx3872)~Mp—Mp=

ol b b g

_30 1 1 4
Exp. Lat. Lat.-0™ [17] [18]

[18] S.H. Lee et al. [Fermilab&MILC], arXiv:1411.1389

ERE parameters from s. Prelovsek, L. Leskovec (2013)

app. = (—1.7+£04)fm,  rpp. = (0.5+£0.1) fm

4V ol

lead to an estimate of the compositeness 1 — 7 = 0.7

® But a small lattice volume was used: L = 1.98 fm

May 31, 2021 FKG, X(3872)



3872) width

0700 ; .
® X(3872) — D"D"r" in XEFT: S. Fleming et al., PRD76(2007)034006;
L. Dai, FKG, T. Mehen, PRD101(2020)054024

n
(=]

.
=

I(X->D'D’7%) [keV]
2 d
IO [

0 1 1 1
0.00 0.05 0.10 0.15
By [MeV]

In the molecular picture: I'(X — DD"z%) = 36713 keV; would be smaller if
X (3872) is non-molecular

® Galilean invariant formulation of XEFT E. Braaten, L.-P. He, J. Jiang, PRD103(2021)036014

May 31, 2021 FKG, X(3872)
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X(3872), precisely

® Belle-ll H. Hirata, T. lijima, Y. Kato [Belle Il], JPS Conf. Proc. 26 (2019) 031008
s ]
Sensitivity can reach 180 keV = | +
e
5 B
s 20 ++
-0 ¥
-t ?
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1 e %4*; ﬂ*ﬁ
L e - . “jii-j...g...-.
O r | T""f“"T""T“"f'"'f
0 20 40 1
Integrated luminosity [ab™]
® PANDA =
EPJA55(2019)42 3 400 BANDA +P1 mode
= 350 | MC study -+-HR mode
5) 00| ¢ -+ HL mode
o |
3250 |
200!
*
150w
1007 o \“‘: 4.
50 \'.\L“ I
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® PANDA can also measure the binding energy beyond the uncertainties of Mo

S. Sakai, H.-J. Jing, FKG, PRD 102 (2020) 114041

May 31, 2021 FKG, X(3872)
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logarithmic branch point, can produce a peak, mimicking a resonance

» often close to a two-body threshold

m5 €

2

mB ]
(mp + mp)?, (mg + mp)? +m— [ (mp — mc)z—m%]
C

mB ]
(mp + my)?, (mg + m()? —I—m— [ (mp — mc)z—mlz)]
R

e very sensitive to kinematic variables
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Precision physics of X(3872)

FKG, PRL122 (2019) 202002 PHYSICAL REVIEW D 99, 054028 (2019)
Short

distance Radiative and pionic transitions Z,(4020)° — X(3872)y
D*OE*O and Z,(4020)* — X(3872)z*

M. B. Voloshin
William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, Minnesota 55455, USA,
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA,
and Institute of Theoretical and Experimental Physics, Moscow 117218, Russia

source

l D*()

™ (Received 12 February 2019; published 28 March 2019)

X (3872)

Dt”

1 2
BT ~2Mp.o + (Mpeo = Mpo = 2/=Mpod + )

2M po
5 e 62180 keV « Cusp fixed at the D*0 D** threshold
i o O=S0keV ] Peak fixed at the TS -
o % o=0keV ] e Peak fixed at the energy:
£ 7724 T\ R 5=-50 keV o
R S AR AR 5=-180 keV § (keV) | EF, (MeV)
) 05' N —180 | 4015.2 —40.1
: —50 | 4015.7 — 0.2
0210010 4012 4014 4016 4018 4020 4022 4024 0 40160 . ZO4
Ex, [MeV]
May 31, 2021 FKG, X(3872)
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Precision physics of X(3872)

Cross section estimate (not precise prediction):  S. Sakai, H.-J. Jing, FKG, PRD 102 (2020) 114041

e Consider eTe™ — 1(4230) — 7°Z.(4020)° — 709X (3872),

Fixed to BESIII data in PRL115(2015)182002 i

& =
D*(J D*(J
i 70 , / "
4 ‘ D(J/D()
=
Z,(4020) . oo
- D*0/ D0 X(3872) ,_~- 7/

o Consider X (3872) — J/¢mtx~ with a X (3872) width of 100 keV

3 o e
take B(X(3872) — J/¢mTn™) = 4.1% BaBar, PRL124(2020)152001
— [ 1 = T
:>o 0.12 — 6 = 180 keV ,E 0.20 — 5=180keV | -
O 0.10; - 8 = 50 keV ® | e s=50kv 1/}
= c 8= =50 keV E 0.15 §=-50k¥V | /%
2 0.08 __ 5 sk S ——f=-180keV | T
o D.(JD-U ~—— ) DcUD*IJ | /.f",-'
Ei 0.06 v 0.10
| &
| 20.04 g
g - g-o.os
& 0.02 e — NS |
= 0. 0.'_'.2"1"_ D e B J_g 0. . i
Q.OIO 4012 4.014 4016 4.018 4.020 2.%10 4012 4.014 4016 4.018 4.020
m.x (GeV) m.x (GeV)

The cross section can be higher at higher energies, e.g. above 4.4 GeV, but seems still
difficult for STCF/SCTF...

May 31, 2021 FKG, X(3872) 13



Precision physics of X(3872)

Cross section estimate: pp - yX(3872) S. Sakai, H.-J. Jing, FKG, PRD 102 (2020) 114041

0.12} —s=180kev 0200 5150 kev e

50 ke Q ----- j = 50 keV i / !
_ 010 TN S e |
5 50 eV 2015 o=tk
= 008 —= 0 = —180 keV = ce =180 keV |
~— M D0 L 8 D00 15
20.06 2 0.10
I, ~—
5 0.04 . | X
I e e 120005
0.02[ .. ,,-"/ \.\\ [y
02 """""""""" S ittt 020 :
DI0 4012 4014 4016 4018 4.020 010 4012 4.014 4016 4.018 4.020
Vs (GeV) Vs (GeV)
® (2 x 10%) events taking into account B(J /Y — £7£7) = 12% for an integrated
luminosity of 2 fb~! at PANDA PANDA, EPJA55(2019)42

May 31, 2021 FKG, X(3872) 14



Precision physics of X(3872)

» Directly probe ¢, uncertainty can be smaller than that of the D*?) masses

Monte Carlo simulation of the sensitivity: FKG, PRL122(2019)202002
200t 1 200F 200¢
% 150¢ % 150¢ >J 150t
= > P
;-»g) 100} ;-g) 100} ?) 100k
A @ 31 even @ 006 event
50¢ 50} Siaput = 0 keV 50¢ Sinput = 50 keV
bae = —4TH keV I 0ge = —1117 keV 8gs = 63154 keV
4(())10 4012 4014 4016 4018 4020 4010 4012 4014 4016 4018 4020 4%10 4012 4014 4016 4018 4020
Exy [MeV] Exy [MeV] Exy [MeV]
400} ] 400} 400}
2 300¢ 2 300¢ > 300}
= = =
% 200F % 200F % 200¢
> > >
(8] m m
100F 100 100}
(Sﬁt —48+ keV I 5ﬁt —4_1(1) keV 6ﬁt = 531-3? keV
4010 4012 4014 4016 4018 4020 4(())10 4012 4014 4016 4018 4020 4010 4012 4014 4016 4018 4020
Effects of energy resolution studied in P. G. Ortega, E. Ruiz Arriola, arXiv:2007.11608
May 31, 2021 FKG, X(3872)
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B > KmX(3872)

. K~ (px)

(b)

0.
4013.5 4014. 4014.5
Mo yx (MeV)

..... Sx=+150 keV
..... 8 x=+100 keV
----- (5‘\'=+50 keV
(5,\’:0 keV
—0y=-50keV
—Ox=-100keV
— Sx=-150keV

May 31, 2021 FKG, X(3872)
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More TS effects for X(3872)

® TS peakin X(3872) - nln*m™ ® |Impact of TS in the X(3872) signal in B —
N. Achasov, G. Shestakov, PRD99 (2019) 116023 ([/l/}7T+T[_)KT[. S. Nakamura, PRD 102 (2020) 074004
D*O(D*U)
X(3872), py
PO(DY)
o
0.003
0.5 :

| o 0.0025 (a) (b) 0.5

z 5 04|

S 0002 8 1 1

a e 0.3 | LA

. 0.0015 & \

;: ‘-‘,3 02 L ) ]
5 o §. &7 se72

® 00008 |- S 01y ]

3(.)729 3.7295: :3.73 37305 3731 03.85 3.I86 3.57 3.58 3.I89 3.9 03.85 3.86 3.I87 3.58 3.I89 3.9
V2 (Gev) My, o (GeV) My, o (GeV)
® MOre TS EffeCtS fOr the pl’OdUCtIOﬂ Of X(3872) Talk by |_|p|ng He, Session “Production”
B —» KnX(3872) E. Braaten, L.-P. He, K. Ingles, PRD 100 (2019) 074028

Production of X(3872) at hadron collider E. Braaten, L.-P. He, K. Ingles, PRD100 (2019) 094006

ete” - yX(3872) E. Braaten, L.-P. He, K. Ingles, PRD 101 (2020) 014021

+,- 07y *0
e"e” - yD"D E. Braaten, L.-P. He, K. Ingles, PRD 101 (2020) 096020

May 31, 2021 FKG, X(3872) 17



X atom

Z.-H. Zhang, FKG, arXiv:2012.08281

® Bohr radius of Coulomb bound state of D~ D**, D*D*~ :
= 27.86 fm

hadronic atoms rg =
Qe

® Coulomb binding energies:
_a’pe 2581 keV

E. = —
n 2n? n2

® X atom: The ground state D™ D** — DT D*~ atom with C = +; correction due to
strong interaction
® Production:
» the short-distance part is related to that of X(3872) via isospin symmetry
» the long-distance part can be computed in NREFT
do[pp > A+y]  |gase|

= >1x1073
dolpp > X +y]  lgxl?

For more details, talk by Zhenhua Zhang,
Session “Charm Spectroscopy”

® X atom can be searched for at LHCb and PANDA

May 31, 2021 FKG, X(3872) 18



Conclusion

® The X(3872) has been discovered for 18 years, debates continue
® Spin partner of the X(3872) observed?
® New insights regarding X(3872):
» Measuring the binding energy using TS, uncertainty not limited by that of D)o
masses, best at PANDA (high production rate and high energy resolution)
» X atom may be used to settle the debates regarding the production

® Looking forward to more precise measurements from exp and lattice

Thank you for your attention!
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Spin partners

Needs to be distinguished from negative-parity sectors:

® Molecular model (VMD interaction) ® Tetraquark model
L(L+1
4.6} AL M= My + B, g
. [ ggz 2
e _
BN BE BN BE BN BN o +alL(L+1)4+S(S+1)-J(J+1)]
o HE BN BN BN . 7 —I—ch[S(S—Fl)—l—f(f—l—l)—?)].
B BN oD, [ (b) Y4630)
— 46l —e—
a2t i I —_
0" 0 1" 1 2=+ 2 3t 3 —_ F
> 44F S I
S Y(4290)
Mol. spectrum using a VMD interaction 2 40l Y (4260) T
X.-K. Dong, FKG, B.-S. Zou, Progr.Phys.41(2021)65 = —
[ Y (4008) - ]
401 - T —
L0 1T 2 3T ot 1t 2t

M. Cleven, FKG, C. Hanhart, Q. Wang, Q. Zhao,
PRD92(2015)014005

using inputs from

L. Maiani, F. Piccinini, A. D. Polosa, V. Riquer,
PRD89(2014)114010
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Production estimates

® Order-of-magnitude estimates of cross sections at hadron colliders in the molecular

picture M. Albaladejo, FKG, C. Hanhart, U.-G. MeiRner, J. Nieves, A. Nogga, Z. Yang, CPC41(2017)121001

e The deuteron as an example

1.0

0.8

0.6 .

0.4 S

0.2

W(R) [arb. units]

0.0

0 200 400 600 800 1000
R [MeV]

e R must be much larger, R ~ 300 MeV see also: Artoisenet, Braaten, PRD81(2010)114018

o(pp/p — X) [nb] Exp. A=0.1GeV A=05GeV A=1.0GeV
CDF [IUMPA20(2005)3765] 37-115 0.07 (0.05) 7 (5) 29 (20)
CMS [JHEP1304(2013)154] 13-39 0.12(0.04) 13 (4) 55 (15)

here A ~ 2,/2/7R ~ 1.6R
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