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Non-perturbative QCD

S. Bethke, P, Zerwas 2004
Phys. J. 3 12 31.
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Hence (semi-) phenomenological approaches
(or Lattice QCD) have to be used

— knowledge limited by
available quark configurations
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Exotic hadron spectroscopy
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i [Belle, PRL 91 (2003) 262001 ] |
In 2003 first exotic hadron S 300 =3
was identified in particle 3 . N
discovered in J/YT1t*Tt by Belle o I
S 200 |- .
- X(3872), now known as x_,(3872) < s Xe1(3872) - JIpTrTE :
. . S 100 [- b
didn’t fit conventional 0 L |
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Since then >50 exotic hadron Mz IT) - M(I'T) (GeV)

candidates are discovered
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-« The x_,(3872) remains the cornerstone
for theory and experiment
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https://cds.cern.ch/record/2749030
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4.2. The x.1(3872) (also known as X (3872))

MESON-LIKE /HIDDEN CHARM/ISOSCALAR
quantum numbers: [¢(JF¢) =0T (171)
minimal quark content: [cc|, more likely [cé(ut + dd)]
experiments: Belle, CDF, D0, BaBar, LHCb, CMS,
ATLAS, BESIII (and potentially E705, COMPASS)
production: BT, BY, BY and A} decays,
prompt pp, pp, pPb (Pbp) and PbPb collisions,
ete™ — yxe1(3872), wy.1(3872) potentially via
- or y.-like states
decay modes: 7t7~J/v, wJ/v, D*°D° 7% (1P),
v/, v (2S)
nearby threshold: D*°D"
width: 1.19 +£0.21 MeV (Breit-Wigner)

m(x.,(3872)) — m(D°D*°) = -0.07+0.12 MeV
| LHCb, JHEP 08 (2020) 123 |

. Hiisken, E. S. Norella, 1. Polyakov
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https://doi.org/10.1007/JHEP08(2020)123
https://link.springer.com/article/10.1007/JHEP08(2020)123
https://doi.org/10.1103/PhysRevLett.91.262001

Theory models
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charmonium

Barnes, Godfrey, Swanson;
Eichten, Lane, Quigg; Suzuki; ...
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* see references
in Appendix
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DD* molecula

Braaten, Kusunoki; Swanson;

Maiani, Piccini, Polosa, Riquer;
Matheus, Narison, Nielsen, Richard: ...

Wong; Tornquist; ...

Dubynskiy, Voloshin; ...
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admixture

hybrid

Close, Godfrey; Li; ...

+...

Suzuki; Close, Page; Dong,
Faessler, Gutsche, Lyubovitskij; ... 6




Isospin violation

X.,(3872) - J/wmt*tt decay is dominated by p° - TrTT
iIndicating strong isospin violation

LHCDb has accessed w - 't (BR~1.5%) admixture
In the same final state

LHCb, PRD 131 (2023) L011103

—~ 400 pr—r—r—r—r————————————r——
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Gx1(3872)—p0 I/ —0929+004 = 3505 ey
9xc1(3872) > wJf % 2235 e
= — total fit
. o C
~10x larger than typical g E —0f
ISospin violation in conventional e =
: 100 ... pY-@ interference
charmonium Go@)mOI _ 0 0se 1 0001 s0F
= U.uao 4 C
gL(Zg)—H}f/L .. i i S s B -I
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m_. . [MeV]

Likely related to 8 MeV splitting between D°D*® and D*D* thresholds
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https://arxiv.org/abs/2204.12597

X.,(3872) partners

Partners with various J¢ naturally arise
Including I=0 and I=1 states with J*¢=1**

In diguark-diquark model

N Charged X(3872)i Maiani, Piccini, Polosa, Riquer,

PRD 71 (2005) 014028

X(3872)* are not seen in experiment

S..~0,1 $5,=0,1

BR(B* - X(3872)*K°)/BR(B* - X(3872)K*) < 0.5 [Belle, PRD 84 (2011) 052004]

can be easily accommodated by theory

Maiani, Polosa, Riquer, PRD 102 (2020) 034017

[New:] In DD* EFT one also finds isovector partners W_° and
W_ = of the x_,(3872) as virtual states around 3867 MeV

Zhang, Ji, Dong, Guo, Hanhart, Meisner, Rusetsky,
arxiv:2404.11215
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https://arxiv.org/pdf/hep-ph/0412098
https://arxiv.org/pdf/hep-ph/0412098
https://arxiv.org/pdf/2404.11215
https://arxiv.org/pdf/2404.11215
https://arxiv.org/abs/2005.08764
https://arxiv.org/pdf/1107.0163

Production in hadron collisions
o(pp - X_,(3872)[ - J/Pmm]+...) > 3.1 nb at Vs=1.98 TeV

| CDF note 7159 (2004) |

Whlle E%Eaalrgéni(,z(g(r)ig)saeérzlbgilccinini, Polosa, Sabelli, estimations fOF

loosely bound (E_~0.25 MeV) DD* molecule give only ~0.085 nb

IN turn, |Aroisenet, Braaten, PRD 81 (2010) 114018 argue that
DD* re-scattering can raise it up to 4—200 nb

Albaladejo, Guo, Hanhart, Meil3ner, Nieves,
alSO S€€ [\ogn Yang CPC AL (5017) 121001

o(pp - X_,(3872)+...) at high p_at LHC

Indication of non-molecular component

EsPosito, Guerrieri, Maiani, Piccinini, Pilloni,
Polosa, Riquer, PRD 92 (2015) 034028

E Hypertriton ff_'f.l;\‘LlC\E_
(rescaled from Pb-Pl
2 *.

da,, fdpl (nb/GeV)

or feature of charm?

25
Ge
Ivan Polyakov i i


https://doi.org/10.1103/PhysRevLett.103.162001
https://doi.org/10.1103/PhysRevLett.103.162001
http://www-cdf.fnal.gov/physics/new/bottom/051020.blessed-X3872/XLife/xlonglivedWWW.ps
https://doi.org/10.1103/PhysRevD.81.114018
https://doi.org/10.1103/PhysRevD.92.034028
https://doi.org/10.1103/PhysRevD.92.034028
https://doi.org/10.1088/1674-1137/41/12/121001
https://doi.org/10.1088/1674-1137/41/12/121001

0)

Production vs multiplicity

X(3872)/ s dependence on track multiplicity in pp

measured by LHCDb

[ LHCb, PRL 126 (2021) 092001 |

Ivan Polyakov

can’t be explained with two (naive?) -

molecule models

Esposito, Ferreiro, Pilloni, Polosa, Salgado,
EPJC 81 (2021) 669

Braaten, He, Ingles, Jiang,

* [ LHCB, PRL 126 (2021) 092001 |

—— Compact tetragquark

—— Molecule (e

---= Molecule (geometric) ]

N L 1 L 1 L L M i N
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-\—rh

IN turn, PrRD 103 (2021) Lo71901 | @rgue that it can
after re-estimating X — DD* break-up cross-section (geo)

from 1tr’°~1400 mb to ~3 mb

q . ¢
qc q
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https://doi.org/10.1140/epjc/s10052-021-09425-w
https://doi.org/10.1140/epjc/s10052-021-09425-w
https://doi.org/10.1103/PhysRevLett.126.092001
https://doi.org/10.1103/PhysRevD.103.L071901
https://doi.org/10.1103/PhysRevD.103.L071901
https://doi.org/10.1103/PhysRevLett.126.092001

Pole position

Accessing pole in low-energy DD* scattering
via lineshapes in different decay modes

LHCb, PRD 102 (2020) 092005 [Belle, PRD 107 (2023) 112011
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| BESIII, arXiv:2309.01502 |

No firm conclusion yet, looking forward for larger
statistics and combination of channels
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https://arxiv.org/abs/2309.01502
https://arxiv.org/abs/2005.13419
https://doi.org/10.1103/PhysRevD.107.112011
https://arxiv.org/abs/2309.01502
https://arxiv.org/abs/2309.01502
https://arxiv.org/abs/2309.01502

Ivan Polyakov

What we want vs. what we get
Theory

A e e o
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Experiment
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e % |
{ it
lr W 1
h W) /

* LHCb, Nature Phys 18 (2022) 751,
except for ch [CCUd] Nature Clj)mm.{3 (2022) 3351

[ LHC Seminar, 14 sep 2021 |
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https://cds.cern.ch/record/2781371
https://doi.org/10.1038/s41567-022-01614-y
https://www.nature.com/articles/s41467-022-30206-w

Radiative decays. Short recap
_ B(xc1(3872) — 1(25)7)

R /II‘EIIJ /":r.-' —

Theory

Rlpy ~ 0.3% for moleculas,

R, ~1-6 for pure charmonia

| Swanson, PLB 598 (2004) 197 | 2006

| Lahde, arXiv:hep-ph/0208110 |
[Barnes, Godfrey, arXiv:hep-ph/0311162)

[ Eichten, Lane, Quigg, PRD 73 (2006) 014014 2009
2011
2014

R,, >1can be achieved for

moleculas as well

Guo, Hanhart, Kalashnikova, Meissner, Nefediev,

PLB 742 (2015) 394 2020
R,,>0.95 for compact ccaq

| Grinstein, Maiani, Polosa, PRD 109 (2024) 074009 |
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B(x1(3872) — J/vry)

Experiment
2004-2005

BaBar: Observation of x_,(3872) - J/Qy

| PRD 74 (2006) 071101 |

BaBar: Rwy =34+14

[ PRL 102 (2009) 132001 |

Belle: R, <21 (90% CL)

| PRL 107 (2011) 091803 |
LHCb (Runl): R, =2.5+0.7

| NPB 886 (2014) 665 |
2015
BESIII: R, < 0.59 (90% CL)

[ PRL 124 (2020) 242001 |
2024
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.132001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.091803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.242001
https://www.sciencedirect.com/science/article/pii/S0550321314001941?via=ihub
https://arxiv.org/abs/hep-ph/0406080
https://arxiv.org/abs/1410.6712
https://arxiv.org/abs/1410.6712
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.071101
https://arxiv.org/abs/2401.11623
https://arxiv.org/abs/hep-ph/0311162
https://arxiv.org/abs/hep-ph/0208110
https://arxiv.org/abs/hep-ph/0511179

Charmonium picture

Radiative E1 transitions within charmonia states:

photon momenta wave function projections
Pin L, 50280 4 r (\C’(}ir’i%f@’ | r IIE
CO”Slder X(3872) as Xcl(zp) state Barnes, Godfrey, arXiv:hep-ph/0311162
Initial Final M; w (f|rld) Cyi Width
state X(3872) state (MeV) (MeV) (GeV™1) (keV)
23P, ¥’ (2°81) v 3686 182 1 63.9
J/(1381) v 3097 697 = 11.0
_— 1
3 - i i 2
(W, ,,/W,,)* ~ 0.018 |<flrli>, ,q, | <flrli>,, |2 ~ 330

2P has much larger overlap with 2S than with 1S

R W~5.8
With X(3872) as x_,(2P) + 2.3% X_,(1P) mixture

R ~0.8i0.2 Badalian, Orlovsky, Simonov, arXiv:1202.4882
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https://arxiv.org/abs/hep-ph/0311162
https://arxiv.org/pdf/1202.4882
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Grinstein, Maiani, Polosa, PRD 109 (2024) 074009

1 e~ R/Ro
V2rRy R

R,~ 10 fm
(E, ~ 0.2 MeV)

lI’mol. (R) —



https://arxiv.org/abs/2401.11623
https://arxiv.org/abs/hep-ph/0406080

Melecula EFT picture

Guo, Hanhart, Kalashnikova, Meissner, Nefediev,
PLB 742 (2015) 394

EFT theory with
“dimension regularisation with the MS I (b)
subtraction scheme at the scale u"

: “Ioop” processes

.- V

NX — )

R, = —— = (.21 at 1 =
A O(X — ’}’J/l.ﬁ’) X (92/92) al (b =M x +?

s g,%?9g,"¥ ~1 a reasonable assumption?

P—q

QL o

|
TR nnnnnnnnnng

T

SRR nnnnnnnnnnnkL
—
=
—
= Sy G2
)»&
Q
7

“contact”
process

‘IIIIIIIIIIIIII

What is correspondence between loop/contact
and molecular/compact for given y=m, ?

[ Molnar, Luis, Higa, arxiv:1601.03366 | - gptain different results while using ~ same method
Ivan Polyakov 16



https://arxiv.org/abs/1410.6712
https://arxiv.org/abs/1410.6712
https://arxiv.org/pdf/1601.03366

Compact tetraquark picture

|Grinstein, Maiani, Polosa, PRD 109 (2024) 074009

Describe ccqg bound state in ‘_ _ _R
Born-Oppenheimer (LO) approach —

U(re,re, Ty, Ta) = X[ty = Te|)Xe(|ra — re) Yo (|re — 1)

Consider configuration with
leading (?) contribution

(@)s(ad)s) = 1/ 21(ca)s(c@)s) — /L I(ca)s(c)e)

I L L
0.0 05 10 15 20

distance between ¢ and c [fm]

AX 50y =F / BRAEd®n 6°(n+ R — £)e 7% EM (| R)) U(|R)) x(I€]) x(In])

R¢v>0'95 (up to 12)
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| LHCb-PAPER-2024-015, in prep. |

Reference
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5.8 (6733
2.6 ce
1.3 €C
1.3—5.8 2e
(0.8 +£0.2) T
6.4 (1)
2.4 Ce
1.5 e
5.4 cc/ve
3.8 %0 DD?
3.3 %o DD*
0.25 DD*
3.3 %o DD*
3.6% 1]
1.1-34 Flig
<4 DD*
2 —10 DD*
0.21(g%/g>)> DD*
> (0.95%007)  ctag

= cc + DD* admixture can reproduce any value in between
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Evidences for x_,(3872) - y(2S)y
JIYy mode P(2S)y mode

*j; A N, = 25%7
BaBar (2009) e 2 (@) 3.50
R,=34%14 & e +
| PRL 102 (2009) 132001 | B E o
3 3 H, ! +
I'E LE 0 : ] !
| R
-5-_. PR [T S T T R S S | R
3.8 3.85 3.9 3.95
m, (GeV/c®)
&, 400r 40
R, =25+0.7" " L 90
[ NPB 886 (2014) 665 | § 2001 20?
S 100{— 10
3;3l83l9 """"""" N ¢
My [GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.132001
https://www.sciencedirect.com/science/article/pii/S0550321314001941?via=ihub

Non-observations of X _.(3872) - (2S)y

Belle (2011)
R, <2.1(90% CL)

| PRL 107 (2011) 091803 |

BESIII (2020)
R,, < 0.59 (90% CL)

[ PRL 124 (2020) 242001 |
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JIYy mode
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.091803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.242001

Specifics of LHCDb

Excellent in reconstructing B-decays,
ECAL resolution: 10 %

1%
"V JEIGeV

Use B* - x_,(3872)[ - Wy]K* decay

JINST 3 (2008) S08005

ECAL T Md M5
SPDIFS

RICH2
T3

(2 §
il N
. T N
N W e
= ks BGRR t
N o
. L] N
E — e
Ty
NN
\ \\\
S
N I S
l \\\ \\. ‘\\. \\ \\.
\\ R
|[ | N\
S N N
N
N,
N

L:'_'_ '|’.-L '

High background from prompt m° - vyy:
O(100) photons per event

Especially critical for x_,(3872) - Q(2S)y
mode due to softer photon

Noticeably enhanced with
7 TeV (2011) - 8 TeV (2012)
- 13 TeV (2015-2018) increase in pp collision

Ivan Polyakov

- B*[X(3872)>Jiyy]K®  a)

B"—)[xd—)Jiwy]K*

LHCb unofficial
generator level
simulation

- pp @ 8 TeV
[ LHCb acceptance

energy

22



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

LHCb 2014
measurement

New
measurement

Ivan Polyakov

New measurement
LHCb-PAPER-2024-015, In prep.

+ 8 TeV (2 fb)

same data

sample but also higher
backgrounds

Run 1l Run 2
7 TeV (1 fb2)
+8 TeV (2 fb)
7 TeV (1 fb?) 13 TeV (6 fb?)

Total
Lumi

3 fb

9 fb+

~2X higher B production
cross-section



Selection

2014 analysis (Runl) strategy: cuts,
small differences between
J/Y and P(2S) modes

\Jltp or Y(2S)
u-

— ]44-

New strategy: loose cut preselection + MLP (vulti-Layered Perceptron)
separate for J/Y and P(2S) modes, Runl and Run?2

2
+’
P P

kinematics & geometry [8 vars]
decay chain & vertex quality [5 vars]
track reconstruction & identification quality [2 vars]

photon reconstruction quality [1 var]
— 16 variables, p_(y) is of highest importance

Optimize S/VS+B using simulation for signal
and sideband data for background

Ivan Polyakov 24



B* - X_,[ - JIPy]K* as standard candle

Same decay topology, similar kinematics, huge statistics

’ %103 |LHCb, JHEP 02 (2024) 173

e { GRS LT SR A B

= | g dta LHCb

E 20F — E::ili: Ofb~" ]

~ - == background .

i - total i

S 15k _ 3 .

Cross-check performance for S | Ny, ~170x10 1

reconstruction and selection £ 100 .

5F .

Calibrate mass resolution O"“*‘*w—;“«f G
and mass scale 5.15 5. 5.25 5.3 5.35

Investigate data-MC agreement for efficiency

Ivan Polyakov 25


http://arxiv.org/abs/2312.12987

Signal (fit function)

Signal: S_ x S, % 4o
S, — Double Sided Crystall Ball (DSCB) 2 | P(2S)y mode
S, — DSCB + split (asymmetric) Gaussian T wwﬁ‘
@ 3.9
L 6~v£
5 !
Use kinematic fit with vertex and o P ’H‘"’
J - U mass constraints 381 05"
to improve m, mass resolution ¥ | N WD S—
(3872)K [GeV/c?
Use additional X - oy mass 41
constraint for m_, = m = JIYy mode l
bykK S, 40t
g_— %D“b i
Correction factors on mass resolution £

from the B* - x_,[ - J/Wy]K* channel:
1.102+0.004 for o,
1.027+0.004 for o, S ¥
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Backgrounds
Signal final state: WyK*®—

P(2S) mode: ; .| ¥(@S)y mode
B P(2S)K*X + V/ § 3.9k .
W|th intermediate K*, K;*(700), K,(1270), - &5 T
 K*(1410), K_*(1430), K*(1680) .3
and non-resonant P(2S)K*m, L|J(28)K+1TT[ 3725 5,'1 22 5354

WES)KN, YES)K*N, WERS)K'® ° e 8 161

""""""""""""""""""""""""""""""""""""""""""""""" mproved model” - ' [OAGGe ]

J/W mode: i; “I
B JIPK* (KT - yy) D .

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII | 98 xq

Addltlonal unidentified B* - JIPK*X — 3-8-

iIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:

new 5.7
5.0

-

T
—l
5.3 5.4
[

(3872)1(— GeV/ 02}

Investigate shape with simulation
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Overall fit function

Components: % 200
Signal: S, x S, ol P(2S)y mode
f 3.9
Partially reconstructed lh
B - P(2S)KX or B - J/YK** decays i
(simulation, 2D Legendre pol.)
>720 5 51.2 53 54
In J/W mode: Zapme &
additional B — J/PKX ~ " 3wy mode |
(2D Gaussian function) O, 40} '
non-B background: const, X S, z
S

(9% W
Co O
P>

=

Combinatorial background —
2D polynomial (9/16 parameters)

3.7 | | 1
5.0 5.1 5.2 5.3 54

My 1 (3872)K—

Simultaneous fit to 4 samples: Run1/2 & J/P / P(2S)

shared B and x_,(3872) mass position and resolution
Ivan Polyakov 28



First observation of x_,(3872) - y(2S)y

P(2S)y
mode

JIyy
mode

Ivan Polyakov

- Projections in signal regions

— R
W - 4 Data LHCDb Preliminary -
= 100 0 B* — xo (3872)K+ b
= T N B p(29)KTX 3
S 80 __  Combinatorial

a:“‘;‘: 60 :_ Total

Z wf Wi

= 20F LM

& &&H ++#++++

5 5.3 5.4
; Myes)yk+  |GeV/c?)]
10

% F 4 Data LHCb Preliminary -
= oF Bl Bt — x.(3872)KT Ofp~! 3
QO B L bl x '} .
= - [ B— JAX :
0 16 - Xa(3872)K =
TF“ - _— Combinatorial .
{—f 1-2:_ Total -
%‘ 0 BE—"H"»‘.H«." v
&) n_4f_j=h___=_q_:_h__

D; AR IR

% | < s

Candidates/(10 MeV/¢?)

Candidates/ (10 MeV/c?)

(S
=
=

80

60

40

| LHCb-PAPER-2024-015, in prep. |

120—

X.,(3872)
/4

9fb~" -

Runl: 40+8 5.30

GeV/ 2|

My (28)y

X.,(3872)

LHCb Preliminary -
9fh~" -

_ Runl: 43030
4 % Run2: 1690+50

+
%

A _tf _ CalNTR t:"—‘*”_";":*.*:-;e-—sj
3.8 39 4 L
M Jhry GeV/?|
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Data-taking period

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll =

Flt ?:nodel ) . 157 o gUnderstanding of
Signal and combinatorial background o1 20 ihackground sources
B— 11)(28)K+X bEl.CkgI'UllIld zand shapes

Parameterisation by oot
Composition 0.9 1.9 § -
Simulation sample size 4.2 4.3
. Additional components - T5¢i checked on data:
B meson kinematics™ Lo <017 B - JIPK*
Track reconstruction 2 ki <0.1 J-pu
Photon reconstruction 1.1 1.1 B* - J/PYK**[ - K11
Kaon identification 1.0 1.3 D*-DY-Krm
Trigger | | 1.1 B* - J/W(P(2S))K*
Data-simulation (dis)agreement 1.0 1Y B- X[ - JPyIK*
Simulation sample size for efficiency 2.3 1.4
Total o 7

Ivan Polyakov | LHCb-PAPER-2024-015, in prep. | 30




NPB 886 (2014) 665

250005272 52 006
1.49 4+ 0237313 4+ 0.03

= Runlé&?2 average:

LHCDb Preliminary

BaBar 2008

Belle 2011

LHCb/Run1 2014

BESIII 2020

LHCb/Run1 2024

LHCb/Run2 2024

0O 1 2
Dy (387250 28)y

3 4

Dy (3872 by

Stat

Ry = 1.67 -

Ivan Polyakov

ma § P01

syst

nd | N ).

5

BR(Y - I'l)

- (0.04

LHCb-PAPER-2024-015, in prep.
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https://www.sciencedirect.com/science/article/pii/S0550321314001941?via=ihub

| | R T P
LHCDb Preliminary | g s. swanson [81]
. o Y. Dong et al. [83]
(n alve) DD D. P. Rathaud and A. K. Rai [88]
R. F. Lebed and S. K. Martinez [89]
B. Grinstein, L. Maiani and A. D. Polosa [90]
pu re CC ® T. Barnes and 5. Godfrey [67]
- T. Barnes, 5. Godfrey and S. Swanson [69]
B.-Q. Li and K. T. Chao (82)
| Y. Dong et al. [83]
A. M. Badalian et al. [84]
™ J. Ferretti, G. Galata and E. Santopinto (85]
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker  [86]
W. J. Deng et al (87]
™ F. Giacosa, M. Piotrowska and S. Goito [T1]
DD*+CC | 8 Takeuchi, M. Takizawa and K. Shimizu [91]
| E. Cincioglu et al. [92]
— D. A.-S. Molnar, R. F. Luiz and R. Higa [93]
D D* E FT F.-K. Guo et al. [94]
=== ‘~~~ | B. Grinstein, L. Maiani and A. D. Polosa [90]
compact ¢Cqq ’
BaBar 2008 (20]
Belle 2011 [26]
LHCb/Runl 2014 [46]
experlment BESIII 2020 (32]
LHChb/Runl 2024
Ml eXp. average | LHCb/Run2 2024
i | 1 1 .

4 6
By = X CETS)Y
" Txasmemy LHCb-PAPER-2024-015, in prep.
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NO, ITS A WALL

sketehplanations

... waiting for model
unification

Ivan Polyakov

| 'LHCb Preliminary

(naive) DD*

]
1

il exp. average

2 4 6

_ Dyaasm2wes)y

E. 5. Swanson

Y. Dong et al.

D. P. Rathaud and A. K. Rai
R. F. Lebed and S. R. Martinez

B. Grinstein, L. Maiani and A. D. Polosa

T. Barnes and 8. Godfrey

T. Barnes, 5. Godfrey and S. Swanson

B.-Q). Li and K. T. Chao
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A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker

W. J. Deng et al.

F. Giacosa, M. Piotrowska and S. Goito

5. Takeuchi, M. Takizawa and K. Shimizu

E. Cincioglu et al.

D. A.-5. Molnar, R. F. Luiz and R. Higa

F.-K. Guo et al.

B. Grinstein, L. Maiani and A. D. Polosa

BaBar 2008
Belle 2011
LHCb/Runl 2014
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LHCh/Runl 2024
LHCh/Run2 2024
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93]
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Future of the x_,(3872)

Runl&?2 - Run3&4: 10x gain in statistics UPGRADE I
- Run5&6: 100x

Radiative decays LHCb-TDR.023
ECAL enhancement in LS3 (granularity, timing, ...)

| LHCb-TDR-024 |

New decay modes (x_m, pp, ...)

Combinations with Belle, BESIII, Belle-I|

Ivan Polyakov 34



Post-Script

- “LHCb meets Theory” on the topic. 27 june 2024, CERN.

https://indico.cern.ch/event/1423946/
5 theory talks + Bellell, BESIII

LHCb meets Theory: Probing the nature of the X (3872) state
using radiative decays

Thursday 27 Jun 2024, 09:30 — 19:30 Europe/Z
Q@ 17/1-007 (CERN)

Lorenzo Capriotti (Universita e INFN, Ferrara (IT)), Mengzhen Wang (Universita degli Studi e INFN Milano (I},
“* Vanya Belyaev (Sapienza Universita e INFN, Roma | (IT))

Description

The nature of the

discussinon and intensive studies for more tha e ratio of the partial widths

nto the v'~y and .J /1y final state potentially c nce the predicted rat

the assumed X (3872) structure. The exper

consensus. This worskhop provide the opportunity to discuss both theoretical and experiemtnal issues.

mental situati

The agenda is being evolving and the talk titles, timeslots, durations and speakers are indicative only.

Workshop is planned to be in the hybrid format. For those who is in person at CERN the room is booked, Please register - it wil lhelp us to

rebook the room if needed.

Videoconference - L S
& Workshop on radiative decays of the X(3872) m
Registration . , 7
9 & Participants CRRER # Reqister
Participants Eric Swanson Jingging Zhang u Lorenzo Capriotti luciano maiani | 'l Makoto Takizawa Mengzhen Wang
Richard Lebed Sachiko Takeuchi Sourabh Chutia Vanya Belyaev = +3

Ivan Polyakov
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Data-taking period

Parameter Bl Run 2

P(25)yK™

NB+—>(xc1{38?2)—HIJ(2S)'Y)K+ 40 £ 8 63 =4 10

Mo iosiices 567 4 24 885 + 29
Ncomb 535 2 17 132 + 19

JAbYK*

Np+os(xa(@st2)s30pk+  [10°]  0.43+£0.03  1.69 £+ 0.05
Nps3/0x 10%] 3.614+0.11 18.72+0.26
Ny, (3872)K+ [10°] 1.18+006 5531023
Nt 10%] 4.05+0.11 17.46 +£0.21

1 (3872 (28)y 5.30 6.70

LHCb-PAPER-2024-015
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LHCb-PAPER-2024-015

7 = VBt (8720@8KT | EB (e BB IMYKT Bippsut - (5)

1

NB+os (a1 (38725 JpY)K+  EBF(xe1 (3872=0(2S)y)K+  Bp(@S)sptu-

Ivan Polyakov 38



Alternative fit models

Signal:
Apollonios, Student-t, mod. Novosibirsk, split. DSCB

Combinatorial background:
2D pol with order 1&3 for Y(2S) case and 2 for J/Y case

Peaking backgrounds:

2D Legendre with n=12&13,

2D histograms with various interpolations
- variate BR’s of B - (2S)KX composition

- pseudo-experiment to access finite sample size effect

Additional B - X[ - (2S)y] + K or B - J/PyK components

Ivan Polyakov
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First exotic hadrons

Were anticipated since 60’s

No success in light sector

: - - . no clear conclusion reached due to
First candidates for tetraquarks in 90’s: AR Y PO

fo(SOO)I K*O(800)v JLID Iéter D*SJ (2317)’ e |Fazio, 2004" Eidelman, Gutsche, Hanhart, Mitchell, Spanier, 2020 (PDG)|
Pentaquark ©* [uudds] in 2003 /1cr shown to be false

[ Trilling, 2006 (PDG) |

First one uniquely identified as exotic was x_,(3872)

discovered in heavy sector in 2003;
First pentaquark in 2015 in heavy sector as well;

(D T T T | T T T | T 1 %80

much smaller widths and __BgLLE X..(3872) 71 =

. - L

clearer understanding of cc E K 1177w o 1

allowed .to exglude | g - [ccqq] - g
conventional interpretations 2 : :
U} & =
c - o

L%’ 100 - / -_
i - s i

L it

0.40 0.80 1.20 ' | my,, [GeV]
Mz T'T) - M(I'T) (GeV)
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https://doi.org/10.1103/physrevlett.91.262001
https://doi.org/10.1103/physrevd.75.054502
http://pdg.lbl.gov/
https://doi.org/10.1088/0954-3899/33/1/001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

Theory

charmonium

- Barnes, Godfrey, Swanson, Phys. Reuv.
D 69 (2004) 054008 & Phys. Rev. D 72

(2005) 054026;

- Eichten, Lane, Quigg, Phys. Rev. D69

(2004) 094019;

- Suzuki, Phys. Rev. D72 (2005)

606 114013;

compact
tetraquark

models (References)

DD* molecula

- Maiani, Piccini, Polosa, Riquer, Phys. Rev.
D71 (2005) 014028;

- Matheus, Narison, Nielsen, Richard, Phys.
Rev. D75 (2007) 014005;

hadro-

charmonium

- Braaten, Kusunoki, Phys. Rev. D69
(2004) 074005;

- Swanson, Phys. Lett. B588 (2004) 189;
- Wong, Phys. Rev. C69 (2004) 055202;
- Tornquist, Phys. Lett. B590 (2004) 209;
- Hanhart, Kalashnikova, Kudryavtsey,
Nefediev, Phys. Rev. D76 (2007) 034007

hybrid

- Dubynskiy, Voloshin, Phys. Lett. B666 (2008) 344,

Ivan Polyakov

- Close, Godfrey, Phys. Lett. B574 (2003) 210;
- Li, Phys. Lett. B 605 (2005) 306;

admixture

- Suzuki, Phys. Rev. D72 (2005) 114013;
- Close, Page, Phys. Lett. B578 (2004) 119;
- Dong, Faessler, Gutsche, Lyubovitskij, J. Phys. G 38 (2011) 015001,
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X.,(3872) partners

Partners with various J¢ naturally arise in diguark-diquark model

Overall possibilities for J*¢
Maiani, Piccini, Polosa, Riquer,

s.=0&s_=0:0"
cq cq _— . [PRD71(2005) 014028

— —1. A++ 1 +-
ch—O & Sﬁ_l' 1++’ 1+ " should be 1=0 and I=1 states
S.~1 &s;=1:0", 1", 2 _. charged X(3872)*

X(3872)* are not seen in experiment
BR(B* - X(3872)*K°)/BR(B* - X(3872)K*) < 0.5 [selke, PRD 84 (2011) 052004

can be easily accommodated by theory [maiani, Polosa, Riguer, PRD 102 (2020) 034017

B(B® - KTX(3872)~ - K+J/v n0n~)

. < 0.57
B(BY — K9X(3872) — KOJ/¢ mtn—)

0.05 < R, =

Ivan Polyakov 42


https://arxiv.org/pdf/hep-ph/0412098
https://arxiv.org/pdf/hep-ph/0412098
https://arxiv.org/abs/2005.08764
https://arxiv.org/pdf/1107.0163

Melecula EFT picture

EFT theory with

“dimension reqularisation with the MS
subtraction scheme at the scale u”

What Is correspondence
between loop/contact
and molecular/compact

Guo, Hanhart, Kalashnikova, Meissner, Nefediev,
PLB 742 (2015) 394

for given p=m_? |___
5 g,2091g,-1 e
a reasonable assumption? 00p” processes = wcontact”
f=my/2 (L= mx 1= 2my + ? 6 process
(X — ~J/¢Y) [keV] | 9. 7(-?‘ ry)? | 23.5(rpry)* | 43.2(rr,)? + 200 keV
(X — ') [keV] 3.8(r,1),)? 4.9(r,17)? 6.0(r7)? + 10 keV
= l‘l(ch: *)q;/h)) 39(92/92)" | 0-21(g2/92)" | 0-14(g2/g2)" R =0.07 ?
[woinar, Lus, Hiea, anivi60L.03366 ] et contradicting results while using ~ same method
Ivan Polyakov 43


https://arxiv.org/abs/1410.6712
https://arxiv.org/abs/1410.6712
https://arxiv.org/pdf/1601.03366

g, in EFT picture

Guo, Hanhart, Kalashnikova, Meissner, Nefediev,
PLB 742 (2015) 394

~ 2S) |y JIW )2 N
RLIJV O-2 (gzll"( )Igz llj ) élIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
‘ ooy - E r\;ﬁ,\w‘\ E
T ” SN 1 (d) = () : N/-li =
loop” processes . e,
h | —2 I I ; I J '§|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllllé'
“contact”

- Is g,¥?®g ¥ ~1 a reasonable assumption? process
o According tO [Dong et al, arxiv:0909.0380 | |t |§ J¢(25)DD _ 9y(25)D*D* _ Thy(25) T ~ 1.67

9J/4DD 4J/vD*D* M j/y f ¥(25)
mp mp My, (13)
g = gy, D*D* = Gy, DD* My, == ]
JynDD = Gy D*D o Gipn DD 1Ty, Tope e
The quantity f,, is determined by the leptonic decay widths of J/v» and (25) of
16w o?
DiJ—vete) = ———F7,; =5.55 keV,
(/9 e ) 27 r-n,;/uz‘j'l’fh' R
e _— 16r o? 9 - .
C(y(28) we'e ) = ——— fips) = 2.38 keV, (14)

2_7.'?2.15:{259)
where « is the fine structure constant. From Eq. (14) we get f;/, = 416.4 MeV and
f};,(gs) = 297.5 MeV.

= but ~0.3 aCCOrding tO [Grinstein, Maiani, Polosa, arXiv:2401.11623]
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https://arxiv.org/abs/1410.6712
https://arxiv.org/abs/1410.6712
https://arxiv.org/abs/0909.0380
https://arxiv.org/abs/2401.11623

X.,(3872) - JIyy. BaBar & BESIII overlay

BaBar (2009)
S TN = 2347 BESIII (ZOZO)J/LU_,”IJ;
> | (a) X N, =39+12
s | 3.60 < | X
S + S3F  (a) 3.50
= = |
% | u| 1L %20:
LE 0: + B %10-
5-:._,-...I....I....I._. 38
3.0 3.85 3.9 3.95
m, (GeV/c’)
Rescale BaBar and BESIII UARRRRREN VRN
data points to same signal [ -
eak shape : y
peas STap y | BaBar

... BESIII error bars
are 1.5x larger,

with 1.3x larger point density

Events / (5 MeV

: (=]

' BESIII

' ' 7 /o2
Ivan Polyakov my (GeV/c) 45



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45

