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* Exotic states: XYZ mesons (heavy-quark sector)

* X(3872): First exotic state discovered in 2003 by Belle.

Exotic Hadron

Traditional quark model classitication:

mesons and baryons

Gell-Mann & Zweig 1964

v’ States that don’t fit traditional QQ spectrum.

v" Exotic quantum numbers:

" Charged Z¢ and Zy, states: minimal 4-quark state:

Dozens of XYZ mesons discovered since 2003.

JPe= 0~~,0%", 17 %, 27 etc. are exotic

7.(4430)* Z,(10650)*

Tetraquarks

For review see Brambilla et al. Phys. Reports. 873 (2020)

Phys. Rev. Lett. 91, 262001 (2003)
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Observation of many newer heavy hadrons are expected 1n the near future !!

BIG QUESTION:

How to understand XYZ states ? Can we theoretically predict the spectrum ??


https://www.nikhef.nl/~pkoppenb/particles.html

Exotic Hadron TI ITI
* Multiple Models for Exotics: S S

It’'sa : :
_ TeTRAQUARK " Fan! Major challenge to understanding of
- : :ﬁ*‘: _QCD spectrum!!!
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* Individual success in describing some XYZ hadrons. No success in revealing general pattern.

BIG QUESTION:
[s there a coherent comprehensive framework based on QCD for all X Y Z hadrons ???



Exotic Hadron Tum
* Multiple Models for Exotics:

HADRO-
QUARKONIUM

TETRAQUARK

Hybrids (QQg): Isospin scalar exotic state.

Figure from https://www.fz-

juelich.de/en/iaélias- \ ol Use EFT + lattice for describing hybrld
4/research/exotic- ,l
hadrons/exotics_pad.jp ,l’
’,’ Brambilla, Lai, AM, Vairo Phys. Rev.
»
o D 107, 054034 (2023)
HADRONIC
MOLECULE Berwein, Brambilla, Castella , Vairo

HYBRID
J

Phys. Rev. D. 92, (2015), 114019

Non-zero isospin states. Can be described in the EFT.

However, lack of lattice inputs on the static energies for these states Brambilla, AM, Vairo arXiv 2402.xxxxx



EFT Roadmap for QQ/QQ systems m
QCD——NRQCD — potential-NRQCD (pNRQCD)

Brambilla, Pineda, Soto and Vairo,

Nucl. Phys. B 566, (2000) 275

2
2 rambilla, Pineda, Soto and Vairo, m >> mv N A >> mU
m > v > mu- ~ AQCD Ehys.bﬂllv.% 63({ (2300) 01;1053 QCD

(weak coupling regime) (nonperturbative dynamics: Strong coupling)

Weak-coupling regime:

2

v' QQ pair: color singlet & color octet fields v" Photons of energy scale Mo V* mediate Interactions

v" Matching coefficients are potential which can be computed perturbatively
v Relevant for low-lying QQ states Ex. J/, Y(185).
Strong-coupling regime:
v" Only color singlet fields. v" Matching coefficients are potential which are non-perturbative. Use Lattice inputs

v Relevant for any QQ states. v Generalized to Exotic Hadrons: Born-Oppenheimer EFT.

* Power counting will be unique since only one energy scale vaz.



BOEFT:

to obtain color singlet hadron

Exotic Hadron TI.ITI

Exotic hadron (QQX, QQX, .....), X: any combination of light quark and gluons

Example: Quarkonium hybrids QG g, Tetraquarks Qaqﬁ H
~1/Mw

* Hierarchy of scales:

V~Mw

< D
~l/AqQep

BOEFT: Effective theory based on

r 51 - - - .
ym > mv 2 Aqop > mv2! Born-Oppenheimer Approximation

Heavy quark: slow-degrees of freedom X: fast-degrees of freedom

BOEFT: EFT focused at energy
scale mv?

QCD — NRQCD — pNRQCD/BOEFT

1

* Time-scale for dynamics of QQ ~ T2 >

1

Castella , Soto Phys. Rev. D. 102, (2020)

‘(‘2 CD Brambilla, AM, Vairo arXiv 2402.xxxxx

Born-Oppenheimer (BO) Approximation

Braaten, Langmack, Smith Phys. Rev. D. 90, 014044 (2014) 9



BO—Quantum #,S 0 Tu-"

¢ Static limit (m— ): heavy quarks are fixed in position.

Cylindrical symmetry due to preferred quark-antiquark axis LDF _
Q
* BOEFT potentials ( Vp(r)): Potential between 2 heavy quarks due to
energy of LDF (light quarks, gluons) known as static energies

* Vr(r): T labelled by cylindrical symmetry representation of diatomic molecules:

v" Absolute value of component of angular momentum of light d.o.f ﬁ
|7 Kiignt| =A=0,1,2,........(or 3, ILA @, .....)

v" Product of charge conjugation and parity (CP): \> F — AU
n=+1(g), -1 (w K

v o: Eigenvalue of reflection about a plane containing static sources.

g = P (—1)Kight = 41 Braaten, Langmack, Smith Phys. Rev. D. 90, 014044 (2014)

 r— 0: Spherical symmetry restored: Labelled by LDF quantum #’s « = /.

Brambilla, Pineda , Soto, and Vairo Nucl. Phys. B566 (2000) Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015), 114019 10



Static Energles Examples: TUM

* Static limit (m— ): heavy quarks are fixed in position. Interquark potential given by gluon

Conﬁguration.

Schlosser and Wagner Phys. Rev. D. 105, (2022)

K. Juge, J. Kuti, C. Morningstar, Results of nonperturbative

Phys. Rev. Lett. 90 (2003) Gluonic Static energies from lattice: ? ' ' ' '
0.9 I L] I 1 I
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1 Brambilla, AM, Vai
— EXOth Hadron arr)a(lir\r/] 2I432.xxxxxalro " m
* Exotic hadron (QQX, QQX, .....), X is light d.o.f.

QQX QRX

BOEFT can address all these states
with inputs from Lattice QCD on

I I

M M
_ BOEFT potentials _ _

o] 393 =108 o] 393 =306
X=gluon — Hybrid X=qg — Double heavy baryon
X=gg —» Tetraquark / Molecule X=1qq —» Tetraquark
X= gqq — Pentaquark / Molecule and soon X=qqq — Pentaquark andsoon

OK(t, I, R)—)Z@K (”I", AQCD)\IJK(t, r, R)
NRQCD BOEFT

Matching condition discussed in Brambilla, AM, Vairo arXiv 2402 .xXxXxXxX.

Light quark operators essential for determinig BO-potentials VA% (’I") 12



* Exotic hadron (QQX, QQX, .....), X is light d.of.
1/201/2=061

o : 393=1@8

ﬁ
Quantum number of light d.o.f X includes spin K, 1sospin, color etc....

NRQCD operator (gauge invariant) for exotic hadron QQX:
Ok(t, r, 0) = x'(t, r/2)¢(t, r/2,0)Hk(t, 0)4(t, 0, —x/2)¢(t, —1/2)

Hy (t, O) : Operator that characterizes the light d.o.f X corresponding to quantum # K isospin, color etc..

Let’'s say QQ pair in octet color, then the operator characterizing QQ@X

Ok(t, r, R) — Zg, (r)O2(t, r, R)HX (t, R) — Zy, (r, Aqcp) Pk (t, r, R)
NRQCD Weakly coupled pNRQCD BOEFT

Castella , Soto Phys. Rev. D. 102, (2020) Brambilla, AM, Vairo arXiv 2402.XXXxx 13



NROCD/BOEFT: Potentials
PRRS Tum

: PC ..
EO(r) = lim — log(X,, T/2|Xx, —T/2) k= K" (gntd.o.

& T — o0 T

Short-distance behavior of BO-Potentials:

X, t) = O} (t,r,0) |vac)

EE“; (T’) :VS(T)+bE-gFT2‘|_---,
By, (1) = Vo(r) + A+ bsnr + ...

(x1,—T/2) (x1,T/2) (x1,—T/2) (x1,T/2)

@10, -T/2) H(O,T/2) @ Long-distance behavior of BO-Potentials:

» String behavior (pure SU(3) gauge theory)

(x2,~T/2) (a) ¥ T/2) (e, =T/2) (b) G2 172) En(r) = \/o2r2 + 210 (N — 1/12)

0 = {ho (H(0.T/2) H{ /2 > Mixing with pair of heavy-light states
Wilson loop for quarkonium Wilson loop for exotics based on BO-quantum numbers or A
representations

Brambilla, AM, Vairo K. Juge, J. Kuti, C. Morningstar, Bali et al (SESAM collaboration),
arXiv 2402.xxxxx Phys. Rev. Lett. 90 (2003) Phys. Rev. D. 71 (2005) Bulava et al, Phys. Lett. B. 793 (2019) 14



Light quark operators HKPC relevant for lattice
Gluonic operators HKPC in lattice

r computation of static energies for tetraquarks Q(_qu
characterizing Hybrids QQg

Hy:+ (t,x) = [q(t, )T %q(t,x)] T
— 5
H,+- (t,z) = B(t,x) Ho—+ (ta {E) — [Q(ta :13)’7 Ta(](t? :L‘)] T
= 5
H,-(t,z) = E(t,x) Hiio(t,x) = [q(t, 2)yy° T (t, x)| T*
H, (t,z) = [q(t, €)yTq(t, )] T°
Hy-(tx) = [q(t, @) (v x v) Tq(t, )| T*
Light quark operators HKPC relevant for lattice computation of
static energies for pentaquarks Q(_quq Brambilla, AM, Vairo arXiv 2312.xxxxx
HE, (1/2)+(t, ) =
(0ap105,5, + 006205, 4, + 0ass0h,5,) (OrspiTrypy + 01 oTh gy + OLsisTh 1) (T2)1 0014 Similar operator list can be written for
‘ ‘ , ‘ ‘ | Doubly heavy tetraquark QQqq and
+ (0ap, 07,5, + 0ap 055, + 00 0h6) O6nTrps + 0nn s + 01570 1) (Ta)l, 1y Pentaquark states QQqqgq. List of operators

will be addressed in Brambilla, AM, Vairo
arxXiv 2402 .XxXxxx

(Prans (t.2)" (Peanp (t,2)™ (Prayy(t2)™ T°. (53) 15

Y 2 2 Y 2 2 2 ) 2
+ (ém'hg,:i‘;a,;i‘g + 50.55'2 N + atxﬁ:agﬁl,:i‘g) (513f1 Tsfa + 5131‘2 Tfafr + éfi!fi! U J"z} (Tl)?l da,l3



Hybrids

16



° 3 Brambilla, Lai, AM, Vairo
BOEFT. Hy brldS Phys. Rev. D 107, 054034 (2023) TuTI
* BOEFT Lagrangian:

LeoerT = Ly + Ly, + Lnixing;

Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018)

\ .
Quarkonium: Ly = /d3R/d3r Tr lIJJf(rj R, t) (i@t + m—; — Vg (,r)) U(r, R, t)] Trace over spin indices.

. 3 3 + _ it \V2 r: relative coordinate

Hybrid: Ly , = /d R/d r Z Tr {\I/M(r, R, 1) [z@t — Vi () + P""’\m_; ;f;x] U.v(r, R, t)} R: COM coordinate

KAN
. . O V(]-) (T‘) Brambilla, Lai, Segovia, Castella,
.. , .
Hybrid pOtentialz VH}AA, (’r') — P’i-& V’:j (7") P"z‘/)\l — V’f)\) (,r. 5)\)\] _|_ KJA)\ _'_ . Vairo Phys. Rev. D. 101, (2020)
meq

Brambilla, Lai, Segovia, Castella,

Static potential Spin-dependent potential .., piy.. Rev. p. 99, 2019

* Hybrid spin-dependent potentials: at order 1/mq (contrary to quarkonium O(* /mé ))

Soto, Valls, arXiv 2302.01765
3 3 ix
Hybrid-Quarkonium mixing: ~ Lmixing = — / d°R / d’r Y Tr [UT V> W\ + hee
KA

* No lattice calculations on mixing potential. Current work, ignore mixing, &rr)l\ix — () 17



Brambilla, Lai, AM, Vairo Phys. Rev. D 107, 054034 (2023)

Coupled Schrodinger equation can be derived
from general principles of rigid-body dynamics
considering the pair of heavy quarks as linear
Rigid rotor. Derivation in Brambilla, AM, Vairo
arXiv 2402.xXxXxXxX.

BOEFT: Hybrids

TUTI

* Degeneracy at short distances r — 0, mixes hybrid states
corresponding to X, and Il potential

* Coupled Schrodinger Eq: due to angular part of the kinetic term.

Schrodinger equation

w2
_P;A#P;A, + V,,i)\)\f(r)] \If";‘)\,(r) = En ¥l (7)
p=1" Multiplet J ¢ Mczg || Mg,
A=0,%1 Hi 4155 [[ 10786
H; {177,(0,1,2)""}|[ 4507 |[ 10976
HY 4812 (11172
> 4286 || 10846 ,
Hybrid Hy  [{1%F,(0,1,2)7}|[4667 [[ 11060 A‘d".‘iblmgft
Spectrum: |22 5035 IT1270] - — 0 o
' s 4590 [| 11065
H, {0++,1-}  |[5054([11352 degenerate.
HY 5473 (11616
Hy [{277,(1,2,3)7 }||4367|[10897
H; {277 ,(1,2,3)" "} 4476 || 10948
18

Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)



Static Energies for hybrids
gies for by Tm

Static limit (m— ): heavy quarks are fixed in position. Interquark potential given by LDF energy.
Schlosser and Wagner Phys. Rev. D. 105, (2022)

2 , —e

,leegeneracy =» |Gluonic static energies for Hybrid
T d

Gluonic static energies as a function of the heavy
guark-antiquark distance r

Use these as potentials between heavy quark pairs to
solve the Schoedinger equation for hybrids.

Foster and Micheal (UKQCD collaboration), Brambilla, Pineda, Soto and Vairo, Rev. Mod. Phys 77, (2005)
Phys. Rev. D 59, 094509 (1999)

r [fm] 19



Exotic: Hybrid candidates
Hybrids (QQg): Color singlet state of color octet QO + gluon. (Q = ¢, b)

v' Isoscalar neutral mesons (Isospin=0)

v' Examples of candidates based on mass and quantum numbers:
Charm sector:
cTg: y.1(4140),X(4160),1(4230), X (4350),1(4360),(4390), Y (4500), Y (4710), ... ...

Bottom sector:

bbg: Y(10753), Y(10860), Y(11020)

v' Studying decays can rule out or favor hybrid interpretation. Brambilla, Lai, AM, Vairo
Phys. Rev. D 107, 054034 (2023)

20



Mass (GeV)

5.0

e
'

»
N

4.0

3.8

3.6

4.8

4.6

BOEFT: Hybrids

Charmonium hybrids: comparison with experimental results:
I Hy

|

H, e A

B e

H, e : ==
| EEEEEEELEL = uii— Hg
| e —
Foormrm ﬁ I,
o o e e e e e e e e e e e mmmmmeeeeaea. DD, threshold_ _ _

DD threshold

[|JPC{s =0,5s =1} EY
1 {177.,(0,1,2)" "} |, II,
1 {177, (0,1,2)" " }| I,
0| {ot+, 177} )y

2| {2++,(1,2,3)F } |2,

21{27.(1,2,3) "}

P(4230)  Xx(4160)

1) e Xc1(4140)  x.,(4274) P(4360) 1(4390) Y(4500)
yiag ++ -

P(4660) X(4630) X0(4500) x.(4700)
1] (1] 1] (1] [17] ( 0 i

1] [77+] [077] (0]

X(4350) ., (4685) Y(4710)
[(0/2)"™]  [1t%] 1]

PDG 2022

Brambilla, Lai, AM, Vairo
Phys. Rev. D 107, 054034 (2023)

21



Mass

Bottomonium hybrids: comparison with experimental results:

(GeV)

1.2

10.8 -

10.6 -

10.4 -

BOEFT: Hybrids

H)
H1 ............................... .,
...........................................
Y(10753) Y(10860) Y(11020)
[177] [177] [177]

PDG 2022

JFC s =0,5s =1}

Hs|o

S
] ]

(177,(0,1,2) "} |

[177,(0,1,2)" "}
fot+,1t-}
{2++,(1,2,3)"}

[277,(1,2,3)" "}

Brambilla, Lai, AM, Vairo arXiv:2212.09187

22



BOEFT: Hybrids TUT

* Lattice results for charm hybrids (m,; =~ 240 MeV):

Results agree within error bars

Charmonium hybrids ‘h;b-n;s- -----------\\ oe .
. !] : = J 7 =0"",0%"7,17F 2% etc. are exotic
g1 mEmmEmEmEETEN I ] ’
1500 fhybrlds — I:I ' @I = - "\- ,' quantum H's
= I: |
\--------_ "
; =I | = == — == | I "IFL’ {S = n' S - 1} E‘::ln}
< 1000 + — . Hi|1({177.(0,1.2)" “HEL IO,
. — _ — _ Do)
E: — Ho|1| {177, (0,1,2)7"}| II,
= D
! = | Hslo| {o++ 1t} ¥
500 T — -—-] Hy|2({277,(1,2,3)7 }|E,, 11,
I T ]
my_ = 2983.9 MeV . H-|2 {2__?{1?2T3]_+} L,
I @ ~@
— 00 ~w
o — T 1 Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)
l -1—.— IU‘+ 1= 2+ 20— 3 4+ 4o+~ Tf‘l“*‘ I - A L A Brambilla, Lai, AM, Vairo arXiv:2212.09187
exotic

Lattice data from Box represents uncertainties
Hadron Spectrum collaboration JHEP 12 (2016) 89 in lattice computations 23
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BOEFT: Hybrids

Including spin-dependent hybrid potentials:

10.90

10.85

10.80

10.75

Mass (GeV)

10.70

10.65

nH; multiplets

10.60 + -
n=1(10.690 GeV) ----
n=2 (10.886 GeV)

10.55 Our results E=E2=23

Brambilla et al. EESs

. HSC E====a
10.50 1 I 1 1 i |
17 o 17 2

Brambilla, Lai, Segovia, Castella, Vairo

Phys. Rev. D. 101, (2020)

Mass (GeV)

11.05

11.00

10.95

10.90

10.85

10.80

10.75

10.70

10.65

10.60

Brambilla, Lai, Segovia, Castella, Vairo

Phys. Rev. D. 99, (2019)

nH; multiplets

n=1(10.761 GeV) - - - -
n=2 (10.970 GeV)
Qur results E=23 7
Brambilla et al. =S
HS5C E===3

1+ ot 1" ot

Lattice data from
Hadron Spectrum collaboration JHEP 02 (2021) 214

Seto, Valls, arXiv 2302.01765

l JPC{S =0,s =1}

Hyf2[{27.(1.2.3) } [

5|2 {2__?[1?2?3)__'_}

{177,(0,1,2)" T} |2
{1,(0.1,2)*"}
{o++ 1t}

Our results refer to
Soto & Valls
arXiv 2302.01765

24




BOEFT: Hybrid Decays TUT

* Semi-inclusive process: Hy,;, = Q,, +X; Hpy,: low-lying hybrid,
Qp: low-lying quarkonium (states below threshold) and X: light hadrons.

v AE: Large energy difference > AE = Ey  — Eg X 1GeV.

v' Assume hierarchy of scales: A, > AE »> Agcp > muv?
r ? A7 = [(QulrlHin)

Energy scale related to decay ]

* In BOEFT, all energy scales above mv? are integrated out. So, scale AE must be integrated out.

This gives imaginary contribution to hybrid potential:

: DISCLAIMER!!!
: Decay to states |

Optical theorem: Z F(Hm — Qn) = —2Im <Hm|V’Hm> : not accounted here.

* Imaginary piece of hybrid potential: determined from matching pNRQCD and BOEFT eftective
theories.

Brambilla, Lai, AM, Vairo arXiv:2212.09187 o5



Brambilla, Lai, AM, Vairo Phys.

Rev. D 107, 054034 (2023) TI-"-I

* Color configuration of QQ pair (r — 0 ): quarkonium and hybrid in short-distance limit

Hybrid Decays

Quarkonium ----- > Singlet Hybrid ----- > Octet

* Quarkonium and Hybrid fields in short-distance limit r = 0 (matching condition)

S (I’, R, t) — Z&I/Z(I') \IJ(I', R, t), singlet (S) and octet (O)
Fields: : . ia,
PO (r,R,t) G%(R,t) = Z/%(r) Upp(r, R, t) G Cluon fields
5 V. &V, singlet and octet
. EE‘; (7") = Vs(”’) + bg; T+, potential
Potentials: EZ;,HU, (r)=Vo(r)+ A+ bz,n?“z N A: gluelump mass

For decay rate computation, start with effective theory of singlet and octet fields and match to
BOEFT of quarkonium and hybrid fields
26



Hybrid D eC ays Brambilla, Lai, AM, Vairo Phys. Rev. D

107, 054034 (2023) TuTI

v" Hierarchy of scales: AE > AQCD > mv?. Integrate out the scale AE perutbatively.

matching pNRQCD and BOEFT:
y gun AE= T, - Es,

Virtual gluon resolves color structure of
QO pair (r = 0) in quarkonium and
hybrid in short-distance limit

Il
)
P

Quarkonium ---3 Singlet

: ) BOEFT Hybrid --->» Octet

octet singlet octet
pNRQCD

Weakly-coupled pNRQCD Lagrangian

L,NRQCD = /dBR{ f d®r (Tr [8T (i09 — hs) S + OF (iDg — ho) O]

1
+ gTr [s‘fr- .EO+O»-ES+ —0O'r. {E, 0}] + L1y [ofLgg - 1B, O]
2 4m.

1 5
m 4

o
v

* Spin preserving decays [O(TZ)] * Spin flipping decays [0(1 /mz)] 27



Hybrid D eC ayS Brambilla, Lai, AM, Vairo Phys. Rev. D 107, 054034 (2023)

o Spin-conserving decay due to r - E term : TI'I."
T AT — TSV T
1 F(Hm — Qn) = i ( ) s T (T”)T AES i Decay to open-flavor threshold
SN L.states not accounted here,

W, : Hybrid wf

Tij = <Hm |7ﬂj ’Qn> = / dSI‘ ‘;[J? ) ( ) ’r'j CI)(%S? (r)
R. Oncala, J. Soto, J. Castella, E. Passemar,

“ : Quarkoni f
Phys. Rev. D96, 014004 (2017).  Phys. Rev. D104, 034019 (2021) —— D Quarkonium w
(Hplr|Qn) = VTU(TY)T

o Spin-flipping decay due to §. B term: [xz) : Hybrid spin wf

Ixo) : Quarkonium spin wf

Sn=1>——o15g=0> | [ =(Hul($]- 1) IQn) = { / drull (1) %, (r )} (el (81 - 82 Ixe)
1Sy =0>——>1Sy=1>

Depends on overlap of quarkonium and hybrid wavetunctions.

Hybrid-to-Quarkonium transition decay rate
= spin-conserving + spin-flipping decay rates.

Our estimate of decay rate are lower-bounds for the total width of hybrids ’g



I' (MeV)

Comparison: charm exotic states with corresponding charmonium hybrid state:

320
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80

40

Brambilla, Lai, AM, Vairo Phys. Rev. D
107, 054034 (2023)

Results

' O PDG B Hs(4590) =
I B H(4155) W Hy(4367) g -
|
B H,(4286) 4 H(4667) ! Hy,-Q,+X |
|
|
i W Hq(4507) W H1(4812) - - : spin-conserving + spin- I
: flipping decays :
L I = |
o) : lower bound on the total :
T Q I decay widths of hybrids !
B : which is compared with I
§ ] : inclusive rate ot physical :
- T | states in PDG. :
. == - B 1 e o o o o .
N i §
! ||
9 T g i
C ! 1 I 1 1 ! 1 L ! § ! !
$(4230) Xe1(4140)  x,(4274) h(4360) P(4390) ¥(4500) P(4660) X(4630) Xc0(4500) x.o(4700) X(4350) ., (4685) ¥(4710)
1] e e e I e T ¥ O T S N 1€ V73 N U B 1 IR Y3 e i E I T 29



I' (MeV)

Results

Comparison: charm exotic states with corresponding
charmonium hybrid state:

Distavors hybrid

interpretation !

1JFC s =0.5s =1}

1.(0.1.2)~*} 7. 1L,

{177,(0,1,2)7 7} | 1L,
{0+, 1t} ¥

{2++.(1.2.3)*"}

{2__f[1f2f3)_+} I,

Xc0(4500) &x(4700)

Decay to x.(1P) not seen !ll.
Major contribution to
theoretical estimate from this
decay channel.

M. Ablikim et al, P
320 Chin.Phys.C,46,111002(2022). == 7 | T
= - /7
Recent BESIII result O PDG B H3(4590) _ - - / II
280 for 1(4230) decay: 72 W H4155) W H4(436D/"/// // l
— — /
£33 MeV B Hy(4286) ax Fi2(4667) e /
- -
240 // /}Hﬁ(/ﬂfgoz)/i H1(4812) - II
/ -= - - I
/// -~ | 1 I
200~ / — -7 i ! /
——L’—:I o : : I ()
T | : : O : ! |
160 I : ! | ! |
| 1 | I ___l__
o $ e mic
120 : ! : ! o]
I TQ . A
] o o
! I I
NI = K-S
- 1 1 N! 1 1 I :| I
40 Q | | | g ! ¥ I 1
eSS . L& &
0 ! : | I ! :
‘ | : | : | : I | 1 I L L i L L :I I : | !
:t.b('i-l:-j-ﬂ) IX(4?160) I xc1(4140)1 y, (4274) Y(4360) P(4390) Y(4500) (4660)  X(4630) :xca(d-Sﬂﬂ) xm(4700)::X(4350) ly.1(4685) ¥(4710)
R I i R i e S e i v R R T v i e

Brambilla, Lai, AM, Vairo
Phys. Rev. D 107, 054034 (2023)
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Results

Brambilla, Lai, AM, Vairo Phys. Rev. D

107, 054034 (2023) TuTI

* Comparison: bottom exotic states with corresponding bottomonium hybrid state:

I' (MeV)

50

40

30

20

10

[177]

[177]

O PDG

B H(10786)

i A H(10976)
Q % e EEE T ]

1
i H;,-Q,+X :

_ 1
I 1
I spin-conserving + spin-flipping decays :
P 3 P N : = I
- I lower bound on the total decay widths of :
: hybrids which is compared with inclusive 1
e of phyeal st n P0G !

Y(10753) Y(10860) Y(11020)

[177]

31



Results

Hybrid-to-quarkoniunium transition widths:

I' (MeV)

50

40

30

20

10

Brambilla, Lai, AM, Vairo Phys. Rev. D

107, 054034 (2023)

~~7 | component.

Could have a m

> significant hybrid

[177]

[177]

[177]

Y(10753): Candidate for Y(3D) state.

_________ | o 7~
i T : i i -7 g y 4 o A:,\?;
- | : | _~"0 rog’
| T e raos
! : : : /E,/ - //A H1(10976) | v Inclusive rate: 37 + 4 MeV. Branching
: : : P ! 4 fraction for decay to open-bottom mesons:
: Q : :/ A 1 ! d T 76.6%. Decay rate to quarkonium: 8. Sf%jg MeV.
: : “ : Good agreement with our lower-bound estimate
- ! ! : i y; for H;[177](10786).
| | | e
] + L i A i / PS v' Candidate for Y(5S) state
- i ! =( Y(11020) & Y(10753)
1 I 1 - g
i i i : Large branching fraction for decays to open-
! : ! : : bottom mesons expected. Different quark model
: ! : : calculations predict large branching fraction.
: ! : : Need experimental input on branching fraction.
| : : : See Hiisken, Mitchell & Swanson, Phys Rev D
- : - : L i - 106 (2022).
! Y(10753) ] 1Y(10860) : Y(11020)
i I I :
! : :
l |




Hy brld Decay S Brambilla, AM, Vairo arXiv 2312.xxxxx
* Hybrid decays to meson-pair threshold states: AE < Aqcp TI-I."

Conventional Wisdom: Hybrid decays to two S-wave mesons forbidden! H,, » D(*)D(*)

Kou & Pene, Phys Lett B 631 (2005) Page, Phys Lett B 407 (1997) Farina, Tecocoatzi, Giachino, Santopinto & Swanson, Phys Rev D 102 (2020)

Decay to two s-wave mesons allowed 1f BO-quantum numbers for hybrids and meson-pair are same.

Hybrid /\M%antimeson threshold

Light spin | Static energies / / Stati rips
PO /£ Tultiplets H;:- . H{P Hk\ allCc energies
K™~ Do I {SQ =) VT}/ 1 4 \fl A
(¥ 111,} }/{1/—,{{1_ 1,2)"*t} H, (1/2)- @(1/2)7 07~ P } } Ss-wave+s-wave
. —_— .,+ Py
(1L} et 114+, (0,1, 2)+) i, 1 {7, I} Ex. DD threshold
1t . (1/2)-®(1/2)~| o0t+ =51}
- i | :
11 0 {orr 1y Hs 1+- (25, 1L} s-wave+p-wave
15, {1} 2 | {27 (L2377} Hi (1/2)- ®(3/2)~| 1+~ (27, M} Ex. D, D threshold
(11, } 2 | {277,(1,2,3)"F} H; g+ {5, 1, Ay}

2, component in hybrids mix with X;; component in s-wave+s-wave threshold!!!!

Bruschini 2306.17120  Bruschini & Gonzalez, 1912.07337  J. Castella 2401.13393

Recent lattice computation for ¢c hybrid 1~ * decay to

I —
DD : 258(133) MeV 1 D7D+ 88(18) MeV

I D*D* - 150(118) MeV .
1 29
Shietal 2306.12884 | | threshold states in BOEFT framework ?: 33

Computing these decays of hybrid to




Hybrid_Qu arkonium IIliXil’l g and imp act on Brambilla, AM, Vairo, Wagner, Schlosser (in

hybrid interpretation of Exotics ? progress) TI_ITI

* Hybrid states in the same energy range and with same quantum #’s as quarkonium can mix.

* Mixing impacts spectrum and decay properties of hybrid. Implications for exotic hadrons !!.
Oncala & Soto, PRD (2017).

Ex. My [1__] (4155) <> cc [1__} (3S) Effectondecay: H,, <> Q,, — (ne, J/, )+ (v,--+)
* Hybrid-quarkonium mixing through heavy-quark spin dependent operator. Mixing potential at O(1/m) in BOEFT.
LBOEFT = LQQ + LQQQ + Lmixing, Lmixing = — /dSR/d3r Z Tr [UT VX, + h.c.]
KA

Matching two-point correlators in NRQCD and BOEFT:

Expression after matching:

, 3!‘{32, t) .

l IS 1 i gCcr (0 : 0) pij

X = 1|B7 (r/2,0) 0 P},
m
A B'(0.T/2) 9 = ﬁix Above expression can be computed on lattice if we
v KA identify: |0> (0) _ ‘E;)
< x 0) _ y— 0) _
NRQCD ? BOEFT |1>)\:(} — |Eu>: |1>|)\|:1 = |Hu> 34



Hybrid-Quarkonium mixing and impact on

hybrid interpretation of Exotics (cont'd) ? TI_ITI

Questions to be answered:

Computing the mixing potential on lattice ??

Computing hybrid spin-dependent potential (also at O(1/m)) on lattice P?

Solve coupled Schrodinger equations (mixing potential included) ot hybrid and quarkonium to obtain the new
spectrum.

Study effect of mixing on hybrid decays.

Munich-Frankfurt collaboration:

Takeaway: N, Brambilla, AM, Vairo, M. Wagner, C. Schlosser

A physical state could be a mixture of
both quarkonium and hybrid !!!
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Tetraquarks &
Pentaquarks

36



BOEFT: QQqq multiplets

‘doubly heavy core ‘

p|n 1/2®1/2 —-

_
@ @ #@ |d0ubly heavy tetraquarks

33 =6@3"]

flavor:

Limited lattice inputs available on Born-Oppenheimer static potentials

light antiquarks

{aq’}, 17

[ag’], 07

ﬁ

=

TUTI

Brambilla, AM, Vairo arXiv 2402.xxxx

Defines the Born-Oppenheimer

static potentials X7, {Z5, T4}

JP for T

QQ Light spin Static [sospin JE
[
color state KrPe energies I So=0| Sp =
0 — | 1" I
0" {3} 0 —J
anti-triplet 1 1~ —
3 0ff o0 —
1+ (£, 10,} 1
! 1| 1= |,1,2)"
+ (y-— Bicudo, Cichy, Peters, & W
Zg ’ {Zg ’ Hg } P;B 33, 6%4%016(28(;%) o

37



Brambilla, AM, Vairo arXiv 2402.xxxx

BOEFT: QQqq multiplets

) ight spin Static JEC
Qe Light sp S JPC
. Multiplets
color state KPC energies {Sp =0,5¢ =1}
{{]++l1+_} l’ -r - —I‘D - ~
U =} 17=,(0,1,2) 34" 19
Octet {205,6472,3)77} 9
Jete — |

{57, Iy} {1+=)(0] 1f2)**} T}

- {Z57} {0-+,17} T}

(11,} G012y | o

{2y Iy} {27+,(1,2,3)7") 7!

Limited lattice inputs available on Born-Oppenheimer

static potentials X, {2, 4}

Prelovsek, Bahtiyar, & Petkovic

Phys. Lett. B 805 (2020)

TUTI

JPC for neutral partner of
- =Y Z.Z, states. Probably mixing
between both channels required ?

-

—»> JPC for X(3872)

Mixing of BO-potentials with pair of heavy-light states

relevant for states near threshold. More on this mixing

see Brambilla, AM, Vairo arXiv 2402.xxxx
Braaten, AM, Bruschini (in preparation) 38



BOEFT: Pentaquark multiplets m

Brambilla, AM, Vairo arXiv 2402.xxxx

QQqqq
QQ Light spin Static J¥
/
color state K" energies {Sg=0,8¢ =1} No lattice inputs available on Born-Oppenheimer
. (1/2)* (1/2), 2| f1/2-,(1/2.3/2)7) static potentials for pentaquarks
cCre
3/2t | (3/2), |3/2|{3/27.(1/2,3/2,5/2)7)
QQqqq
Light spin heavy spin
Q) color state »
Coupled Schradinger equation for K Sq = Sg =1
These pentaquark states derived in (1/2)~ {(1/2)7} {(1/2,3/2)",(1/2,3/2,5/2)"}
Brambl||a, AM, Va|r0 aI‘XIV 2402.XXXXX. sextet 1/2.3/2 + d(1/2.3/2.5/2 + i
(3/2)- (3/2)-} {(1/2,3/2)7},{(1/2,3/2,5/2)"},
{(3/2,5/2,7/2)"}
. (1/2)~ {(1/2)7,(3/2)7} {(1/2,3/2)7}
antitriple
(3/2)~ {(1/2)*}.{(3/2)"}.{(5/2)"} {(1/2,3/2,5/2)7}

39



Brambilla, Lai, AM, Vairo Phys. Rev. D
Takeaway message 107, 054034 (2023) TI_ITI

Brambilla, AM, Vairo arXiv 2402.xxxxx

o BOEFT provides a model-independent & systematic way to study heavy quark exotics.

o Specific to Hybrids: BOEIFT computation for decay to quarkonium involves hierarchy of energy scales :

9 1
AE > iAQCD > mQu”
________ J
pNRQCD and BOEFT matching Neglect hybrids of higher gluonic

excitations and mixing.

o Our results for hybrid-to-quarkonium transition widths

Hybrid-to-Quarkonium transition decay rate = spin-conserving + spin-flipping decay rates.

o Our analysis disfavors: 1(4230), x.1(4140), x-0(4500), x.0(4700), and X(4350) as pure hybrid states.

: DISCLAIMER!!!
o Our analysis suggests: : All the above interpretation can differ accounting for decays to

> 1P(4390) : could be charm hybrid H,[1"|(4507).
> ¥(4710) : could be charm hybrid H,[(1~ ~)](4812).

> X(4160) : could be charm hybrid H,[2~+](4155).
> X(4630) : could be charm hybrid H{[(1/2~ 7)](4507).
> Y(10753) : could be bottom hybrid H{[(1™ 7)](10786).

o Obtained new results for tetraquark and pentaquark multiplets based on BOEFT.
40



Thank you!!



Backup Slides
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BOEFT: Hybrids TUT

* Lattice results for bottom hybrids (m,; = 391 MeV):

Results agree within error bars

Bottomonium hybrlds my = 391 MeV

AT oy = mEmm—_—_—ED
...uifhybr.ds:‘ - f Shybnds: [ hybrids 1w JP9=077,0%7, 17 %, 2% ete. are exotic
L__D___.D.' B 2y il - 0 ). quantum #’sv
190 |- 0 | 0
S [|JPC{s=0,5=1}| EY
185 — &= (]
- _ = Hi|1|{17,(0,1,2) "} |=,, I,
150 =7 Ho|1{{17F (0,1,2)""}| 1L,
o - - H3|0 {0F+, 17} )
Hy|2({277,(1,2,3)7 }|E,, 11,
170 = dominant. & H' 2 {2__ {1 2 ? _+} [—I
m,, = 9398.7 MeV @-~w 1,2,3) " u
_ - D0 ~ daa
165 =
O+ == g+ 9o 3o 4=t 4= GH — 4 gt ghe bt gbt mﬁ— e Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)

{ ) Brambilla, Lai, AM, Vairo arXiv:2212.09187

Lattice data from Box represents uncertainties
Hadron Spectrum collaboration JHEP 02 (2021) 214 in lattice computations 43



Indication of new pentaquark state with isospin = 3/2 (?)

o> 90 | T -
2 ;
S 70 =
w60 ’
X T
= W ' Not yet confirmed by LHCb.
L”ﬂ 40 .i-«' | } * }
S 30 ) { } }
S 20F I .
5 1/ 4 LHCb Preliminary

10EY [ B.7fb

U B _ L i L= 3 ~op 1 L J L A | ]
0 200 400 600

m(A;t DY) — m(A) —m() — m(D") [MeV/c?]

Figure from Robertson talk:
LHCb 2023 conference
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Virial theorem: Nonrelativistic Bound State

TUTI

3? awd A ave bkt parbicle Wowtnuna awd \:L\-cﬁ"r}
W bhe cuwter u‘t W8S rt_ifwmr.c_ fimmt,

Owe caw  See khis {-\ram twe vivral Waeovew applied Lo a cewbral pokential :

Npm vel abivighe be canse

N o~ oo e A4 .DDEE.

2 Wveh &L
f(——b y= A ceViny = 402 ¢dy = I
2 2 2 r v W
{ for V) = - *; (Contomb hekeutial) =>
Wyod & L = wveh 4L
N PP o
2wt < Wi 2 ¥ 2 Wk 2wy
Meed = Yeduted mass = Wmmy /(w twm,)
I.h \"w *TL“I‘V \Jhij ih\k\i"s' EFT lectures by A. Vairo
LY Y W
£ -i- S = r and \J 4%‘3 = red 4
\" 'I'\l n
2
. P
!{_ h‘f-‘danh\} h'ﬂ.l\= l“_ ’ \“V]'E (L\? - h* = \"‘:i
L WA 4w 2w
L
,t- MWz |, W Wd = W 1 owmve =z (,L'} = m4t = vz 2
L iwm FANRS h
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Born-Oppenheimer Philosophy

TUTI

* Sharp difference between time or energy scales of heavy & light degrees of freedom.

Ex. H molecule: 2 protons &1 electron. my ~ 1 GeV>m,e ~ 0.5 MeV p

Protons (nuclel) move very slowly compared to electrons and can be r electron

considered static (fixed) when considering the motion of the electrons

P
Electrons instantaneously adjust as r changes

1. Solve electron Schrodinger eq. for fixed r

He (r) W&; r) = 21 (1) Wél? r)

2. Solve nuclei (proton) Schrodinger eq. with E fel (r) as potential.

QCD states with 2-heavy quarks (XYZ mesons): analogous of molecules in atomic systems !!!

Heavy quarks < nuclei Gluons & light quarks < electrons

46



Born-Oppenheimer Philosophy

Full Hamiltonian of the system

nuclei l electrons mu.l’ﬂ Z Z electrons

__ZV

| o

IR 2 IRI|

L i Ta

R,

Nuclear Electronic Nuclear- Electron- Electron-
Kinetic Kinetic Nuclear Electron Nuclear
Energy Energy Repulsion Repulsion Attraction
2 2 2
. . !;, - _ ﬁ V 2 e . &
Electron Hamiltonian: el P
2m, dareygr,  dmegry,

1.

2.

Solve electron Schrodinger eq. for fixed R

‘ (Hey + Vyw)a = U

Solve nuclei (proton) Schrodinger eq. with U(R) as potential.

K i
——V2 — —V2+ U(R) [yy = E
|: 2m,, 2mg P ( )} N Un

47



50+ New Hadrons seen at LHC

TUTI

70 new hadrons with at least one heavy quark ( charm or bottom) observed till now!

ll-o i I i i I i i I i i I i
10.5 - o3 170 new hadrons at the LHC Xez(3P)
e Yo (3P) -
8.0 - Here mesons not
included from other
7.0 - o &SI o o »16900) . experiments BESIII,
5250, (6350) - Tou{6600) Belle etc
B} . ABIS2F u(6340) T . - : :
(6227 Mo (B145 Z,(B227) .Eg{Eg%;};
) 5451 p i520)° =,(5955)"  B(5970)%° ] u m- - |
— 6.0 : ’,‘\:[5912,.: :[Sgasjlls,.[saqm” 56097 A(6070T g:(6114) —210100)
e - L[6097)” B (6063)°
Y] .
B L ] B 70 4
o X(4700)
P o cigd) P a0} ® x4 500) PYaas o iE% ﬂ ] 70 new hadrons at the LHC
< “cé POTURE M e L "
= @ cccc (4 380) ) 14312) ® 7= (4000} T2.,(4000)° £ 60+
4.0 1 = ys(3842) ® e’ S
e« = e T.cl387510  X(3960) 3
® <4qq 0.(3327)° < 50 A
D;13000)"° &[%%&3’3 i 0,(3185)° 2
304 W bgg [ﬁi,l[gluuu]':"_. D, (2860 Aci2860)7 1 ({30661 =(2939)° o [=:[3200); @ T(2000) b
@aq  Gira009 p: 2760/® B:3080) Ze(2923° . T2(2900)° S 40
- 258010 ® : ® 0.5(2590)" .
| ccqgqq d =
£
2.0 T T T T T T T T T T T T E 30 4
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 w
patric k \.3|_';|;._-|'||;|_. gi@Cermn.q h 2023-02-10 Date Of HFXI‘\F SmeiSSIOH E 20 -
£
a 10_
More heavy hadrons are expected in the near future !!
0_

2016 2018 2020 2022

Date of arXiv submission

2012 2014

https://www.nikhet.nl/~pkoppenb/particles.html

patrick_koppenburg@cern.ch 2023-02-10


https://www.nikhef.nl/~pkoppenb/particles.html

pNROCD

SpNRQCD = /d3X1 d3X2 dt tr (@T(Xlﬁ X9, 1)

D2 D2
{?’DU+ =1 + XQ}\I](XI:'XQ:'t))

2m 2m

I (TG\IJ(XLXQ, HT U (x1, %o, t))
%1 — X

Upon making the local field redefinition,

ez’g f;;l Adx

qj(xlﬁx%t) :P[ _S(X:Xat)

4 P9 K AB O, X, ) P[0 Al

L X = X1 — X9, X = (X1 +X2)/2



pNRQCD
Under gauge transformations,
U (x1,X2,t) — g(x1,1)¥(x1,X2, )9 (x2,1)

S(x,X,t) — S(x,X,t)

O(x,X,t) = g(X,1)O(x, X, t)g (X, t)

Upon multipole expanding (up to O(x~)),

2

LoNROCD = /dSX tr{ST{ié‘g Py Cf“ﬂ}s+ OT{iDO B A }o

m x| m 2N, |x]|

2

+gxOE(X,1)ST + gxOTE(X,1)S + gxoo’fE(x, t) + %xOTOE(X, t)}

=



pNRQCD/BOEFT

TUTI

* Behavior of heavy quark-antiquark pair at short (r = 0) and large (r — ©0) distance:

Consider example ot quarkonium:

Short-distance (r = 0) :

v" The 2 heavy quarks are close together in color singlet configuration.

XE (1, )00 (0,8) = 2175 (v 1) = Zg/? (1) U (r, 1),

NRQCD Weakly coupled strongly coupled
PNRQCD PNRQCD / BOEFT
a=1,2,3: color index

Large-distance (r — 0):
v" The 2 heavy quarks are far apart connected by a flux tube.

(0, 0, 0)0(0, 1) — Zg/*(r) U(r, )

NRQCD strongly coupled
PNRQCD / BOEFT

What does this tell us???
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BOEFT

Quarkonium static potential: V' (7“) = EZ+ (7”)
g

Brambilla, Lai, AM, Vairo arXiv:2212.09187 m

Quarkonium Potential: ns
Vio(r) = By (1), mBS = 1.477 (40) GeV

_ _Fg QQ mfS =4,
Viti(r) = En, (1) 5 6) = T Tt Eg = 4803 (55) Gev

* Hybrid static potential:

Gluonic Static energles from lattice: kg = 0.489, o, = 0.187 GeV? ES = —0.254GeV, t‘_ff’ — _0.195 CeV.

Hybrid Potential:

VR’S( ve) + Ars(vy) + bgjn’rz, r < 0.25fm

Vepe () [Gev]

E—- (’I") — >,1I
Yy 11 a E H 3,11 |
e 1,r + +a3 +a4 , r>0.25fm
at = 0.000 GeVfm, ay = 1.543GeV?/fm?, a3 =0.599 GeV?, a} =0.154GeV,
atl = 0.023 GeVim, ay = 2.716 GeV?/fm?, af = 11.091 GeV?, af = —2.536 GeV,
0 Ao | by = 1.246 (_}('\-",/fﬁnz. brr = 0.000 GeV f/fm Ags : 0.87 (15) GeV
AHYP2 s
B —s—
c Gluelump mass definition:
0.5 D —+—

Fit 1

(0|G% _ (R, T/2)¢™(T/2, —T/2)G?"_(R, —T/2)|0) = §7e AT

‘ : ' ' v' Perturbative RS-scheme potentials VRS upto order a3.
02 0.4 0.6 0.8 1 1.2

r [fm] Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Bali and Pineda Phys. Rev. D. 69, (2004) 52



Res !/(_L'ts Brambilla, Lai, AM, Vairo arXiv:2212.09187
* Hybrid-to-quarkoniunium transition widths: TI-I."

Could have a
T (0) f—————
320 - e =002 1 B fm————— — ———— — — — i T — =4 signiticant hybrid
HH{. 0.1 L L) O PDG W H3(4590); + | _——*2F g // component.
Hol1| {1+, (0,1.2)"~ IL,, I ! - =T -
oL m H;(4155) B H,(4367) - == 4 e
280 |myfo|  fort 1+ b B B —— - : I £y N\
Hy(4286) A H (466?)' -1 -~~~ ] ! o
ml2| 2+, L2y so, | - 2( ) : ////// i : : :
- |
a0~ |mlele .z )| n | m_H@507) m H; (4812) : I I-=
- _ - /=/ 17 1 : | Decay to open-threshold
i---‘-TI _ - _ - - : ! : states could be significant or
200 ! : = - _ - ! : ! : expected to be large (?).
— 3 | I 1~ _-=I___<_/l | & ! : Q !
% 160 - : : : :l : : : I : v' See Farina, Tecocoatzi,
§, I : : i : I ! : ! Giachino, Santopinto &
e : I ! :: ! : . | : I Swanson, Phys Rev D 102
I : I I 1 [ I I I _Z .
120 - I 1 : n : I : - I : (2020) for 1 hybl‘ld decay
L] : I - T 1 :: T i : : - I to threshold states.
I i i i - i
: ] ' i : P : |
80 - ! I : " [ : ! : § ! ! | v No information on
: : : :: : ! ! N I : branching ratio (BR) for
Q I : [ g : oo Po- ! ! | ! decays to threshold states in
40 - i : | :i | ! i ! i |k PDG.
4 I
B g Poon B & nE
1,PC _ | n 1 1 i I 1
0- | :J L 2 E—+ | 1 : | :: 1 : 1 I : 1 : L ! 1 | : ! :
$(4230) 1 X(4160) | 71(4140) X (8278)] p(azeo) Il Il w(4390) : Y(4500) H(4660) | X(4630) | %o(4500) x0(4700) X(4350) r.,(4685)! v(4710) | 53
[177] : I7?+ ] : [1+4] 1] L_ l_;]_ll_il__.l ] (1] 1] : [(1/2)" ol [0F+] [0++] [(0/2)**) (1] | (1] I



QQqq om

First doubly charmed tetraquark seen by LHCh cC

< 10¢ —_— I o
Tc—lc_: (3875) — DODO’]T_I_ %“ 605 i LHCh ?5-35— E
= U - 9fb7! ]
> Exotic quark content cciid % sob- 1» | :
> Consistent with isoscalar with JP=1* % § ; :
= 40n i f-
B | |£| Data _ . .
[ | T! — DDon* M PO+ V/e?
Mass below D**DO threshold and very narrow 305 === packground o (G .
- | D**+DY threshold :
mTCt o (mD*+ + mDO) — _0.27+0.06 McV. 205_ *+ i _____ D*OD+ threshnld + + _E
or B st W
b M ++ﬁ+ W iy M i R
_ , | | : : : L
3.87 3.88 3.89 3.9
M PO+ |GeV/c?|

LHCb (Nature Phys. 18 (2022) 7, 751; Nature Comm. 13 (2022) 3351) 54
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* Spin-lipping transitions: suppressed by powers of the heavy-quark mass due to the heavy- TI'I."

quark spin symmetry;
* Relative comparison between spin-conserving and spin-flipping decays: H,,, > Q,, + X :
v' Size of energy gap AE: final quarkonium states are different in both the decay process.

v" Depends on relative magnitude of matrix element (radial): [(Q,,|r|H,;,)| & [(Q,,|H,,)|/m
\ J

v
Ratio : ml(Qn\r!HmWHQn!Hm)!j

No obvious hierarchy relation between the two-decay process.

v" For bottom hybrids: spin-flipping transitions are smaller compared to spin-conserving.

v" For charm hybrids: spin-flipping transitions are not necessarily small: ™m {Qn|r|Hm)|/|{Qn|Hm)| ~ 1

-
{_
N

Spin-flipping ~ spin-conversing: indicating heavy-quark spin-symmetry violations!

* Quarkonium transition: Q,,, = Q,, + X :spin-flipping decay suppressed by 0(v)? compared to spin- conserving.

({QnlQm)|/m [(Qur|Qm)])? ~ v* < 1



Exotic Hadron

conventional quarkonium. which consists of a color-singlet heavy quark-antiquark

pair: (QQ)1,

quarkonium hybrid meson, which consists of a color-octet QQ pair to which a
gluonic excitation is bound: (QQ)s + g,

compact tetraquark [7], which consists of a QQ pair and a light quark ¢ and anti-
quark ¢ bound by inter-quark potentials into a color singlet: (QQqq)1,

meson molecule [8], which consists of color-singlet Qg and Qg mesons bound by
hadronic interactions: (Qg), + (Qq)1,

diquark-onium [9], which consists of a color-antitriplet Q¢ diquark and a color-triplet

Qg diquark bound by the QCD color force: (Qq)s + (Qg)s,

hadro-quarkonium [10], which consists of a color-singlet Q@ pair to which a color-
singlet light-quark pair is bound by residual QCD forces: (QQ)1+(gG);. An essentially
equivalent model is a quarkonium and a light meson bound by hadronic interactions.

quarkonium adjoint meson [11], which consists of a color-octet QQ pair to which
a light quark-antiquark pair is bound: (QQ)s + (gq)s.

Braaten, Langmack, and Smith Phys. Rev. D90, 014044 (2014)

Molecule Tetraquark

Hybrid Glueball

Pentaquark

Figure from Nat Rev
Phys 1, 480-494 (2019)

(17 »”

Y(mass): producedinete”™ —» Y
Z(mass): has non-zero isospin
X(mass): everything else
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Lattice: Static energies UM

* Based on spectral decomposition:
Any state |X1“> = ch |ﬁ>

n

|Q): Eigenstate of static NRQCD

Hamiltonian (m — 0).

* Inlarge time limit, the NRQCD correlator (Heisenberg picture) gives:

Fr (?“) _ Th_IE;O % 10g<X1", T/2|X1", —T/2> [: quantum #’s corresponding to

representation of Deop: AG

- I
-
o
- I
- -,
-

~--

& .
Quarkonium Hybrid
Color singlet QO pair Color octet QO pair + gluon
| XT) = x(x2)0(x2, x1)T(x1)|Q) | Xr) = x(x2)p(x2, R)T{_(f'_*[(f_{jgb(Raxl)W(Xl)\Q)
T“Plﬁ“‘ =0T = Z; gluonic operator with quantum numbers I’

2 > “1% r=r-BYrxB* forI'=> 1II,

J1 3 X1

I )
— I' . . .
ﬂL Y WI|SOf11 line: . .
5 o(y,x;t) = Pexp {’ig/o ds(y —x) - A(x — s(x — y),t)}

-« « 57
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Hybrid Decays
Connection with non-perturbative fields: quarkonium and hybrid inr — 0 TI-I."
S(r,R,t) = ZJ () U(r, R, t),

Fields: . |
P;-&Oa (r7 R7 t) Gfg(R, t) — Z;}/2<I'> \IJK)\ (r’ R, t)
Potentials: EZ;‘ (T) — Vts'(’l“) + ij r? + ...,

EZ};,HU (r) =Vo(r) + A+ bE,HT2 4o k: denotes quantum numbers

Gluelump mass definition:

(0|G _ (R, T/2)¢™(T /2, —T/2)G’"_ (R, —T/2)|0) = 67T

T/2 - ab
¢™(T/2,-T)2) = Pexp{—ig/ dt A2V (R, t)}

—-T/2

Eigenvalue of static NRQCD Hamiltonian
HoG'?(R.1)|0) = AyG'*(R,1)]0),

a 1
Hy = [d‘*Rg[E“ .E*+ B*-B"] .
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QCD spectrum: Hadrons

TUTI

* “Confinement conjecture”: only color singlet states exist in nature that we term “Hadrons”

* Hadrons: Color singlet bound states of quarks and gluons bound by strong interactions.

* Quark Model: Classified all hadrons (states) as Mesons or Baryons — Gell-Mann & Zweig

@ N ([ ) Constituents Combinations Naming convention
meson baryon Y (quark model)
u 3®3 1648 Meson
0 | 33®3 108@8@10 Baryon

: 8®8 1P8D8P10P 10D 27 Glueball
Y 3813 1O8DSBED 10D 10D 27 Hybrid
+ . S - 3333 101H8P8D8DH8D10D 10D 27 Tetraquark/molecule
esons are maae aryons are maace =
33333 1010105 8H8H8H8FH8PH8P8 Pentaquark
of two quarks of three quarks
L ) ) D10D 10D 27 D 35 + -

Fig taken from https://www.eurekalert.org/multimedia/911829 ~ awessesssss e ?

A constituent model of hadrons

Focus of this talk are hadrons involving 2-heavy quarks. !!!
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Quarkonium
e Quarkonium: Color singlet bound state of QQ (Q = c, b).

* Hierarchy of scales in Quarkonium:
< Heavy quark mass: m < Heavy quark K.E scale: mv?

% Relative separation between heavy quarks: r ~ 1/mv

» Nonrelativistic bound-state system: v <1 > AQCD~ 0.4 GeV

Estimates
2 _ —
m > mv > mv® ~ Aqep m > mv ~ Aqop > mu” cé bb
erturbative dynamics
(P Y ) Brgl;lfbi_ﬂaa ;inf’id‘;hSOtOB (nonperturbative dynamics: Strongly Coupled) <T> Z 0.4fm 02fm
‘ 566, (2000) 275 . ‘ 9
Heirarchy for low-lying states (far-away v~ 1/3 1/9

from threshold) Hierarchy for all other cases.

Ex. J/, Y(1S).
* Potential-NRQCD (pNRQCD): EFT for quarkonium. Describes physics at the scale mv?.

Schrodinger description for quarkonium states.

Mehen and Fleming, Phys. Rev. D73, 034502 (2005)  Bodwin, Braaten & Lepage (1994) Luke, Manohar & Rothstein (2000) Brambilla, Pineda, Soto and Vairo, Rev. Mod. Phys 77, (2005) 60
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