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Meson molecules in magnetic fields
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Strength of B-fields 1, ~0203cev

leB[<< /\QCD2 /\QCD2 << |eB]

“Surface” of RHIC LHC EWV trans.

compact stars
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Unexpected behaviors on the lattice e

chiral symmetry breaking chiral & deconf. T neutral hadron mass
(Bali+"11) (Bali+"11) (ITEP group '15)
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Vacuum & hadronic structures change



Point-like spin O particles in magnetic fields

Num. of states (orbital levels, p, fixed)
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Point-like spin |/2 particles in magnetic fields

Num. of states

B#0 (for p, =0)

(orbital levels, p, fixed)

eB,
T , OT /
~ { D D
. . \
Zeeman splitting (g=2) ‘O 2|eB| 4|eB|

n=0; B-independent

EnLL2 = m2 T P22 T zn‘eB‘ T (I_ O-z)leB‘
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Composite particles in magnetic fields v

e.g.) spin 0 mesons

weak B strong B
eB| >> Aqcp? J & Aghn
| | ¥
R ' Y
B mainly probes the collective c.m. motion In addition, B directly couples to internal quarks

E2 ~ P22 T mB=O2 T (2ncm+ I)leBl E2 ~ P22 T m82 T (chm+ I)leBl
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z o quenched simulations ]
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Mesons in full simulations m_ =~ 220 MeV

L : [Ding+ 21]
point-particle or qgbar Charged PS mesons
~ |eB|!"2— [
K~ —+ | at large B
=0) KO ——t .
& i | higher LL\
+ + nO —— ﬁ /
LI h T_ ~ d -|- d u,
* Why? «
ﬁ K_NSTuT_l_Slul
v 4 v v |
should scale as E? ~ |eB] (?)
B 8 B 2

15 2 25 3 35 Why does the energy go down
and approach constant ?
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Quenched - full simulations

higher LL
T
higher LL
T L, =0*
pair-creation o

IT can be saturated

by LLL quarks?
LLL only

LLL only
p S, = -1
d,—d,
AL,=+1
L =1-
Tcu
LLL only
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m,, K, vs two-meson thresholds
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The spectra lie close to the two-meson thresholds (!)

weakly depend on the volume

Meson molecule ?



Near-threshold states
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2003-) many near-threshold states (bound states and resonances)
have been observed in heavy=-quark systems.

[Belle (2003)] X (3872)

state quantum numbers | threshold Estate = Ethre
I~0, JY =1 D'D*® | —0.05+0.10 MeV
I =00 =1t D**DY | —0.36 + 0.04 MeV

[LHCb (2021)]  T.5(3875)

X(3872) ~ cc(uu, dd)

T, *(3875) ~ ccud

Large hadron masses suppress E,.. ~ p%/m, , favoring shallow binding.

Light-hadron systems? =» E,, is larger, disfavoring bound states.

Can magnetic fields enable bound states of light mesons?
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Mesons at finite momenta

--- quenching transverse kin. energy ---

[Fukushima-Hidaka ’12; Hattori+'l 6; TK-Itatani '26,..]



Warm-up: | -body problem in a NR quark modle?'i26

H s _E o n I A
ingle =M+ — — —o0o - =p—e
f single 2 D P
sym. gauge: A :B s 2 2 ( B)2 B
' ' 2 \, o 2l e 9 e e
Hsin e — P _—Lz_— - B
gle = T+ om + om + 8m .+ 2m om °
2 B B B
spectra: Ep 1. 0. (ps) = m + 57; + % (2n, +|L| +1) — ;—mLz _ ;—maz
p2
n=0,0,=+l, LL=0 (for eB > 0) Eos.(pz) =m+ 5 = B-indep. (!)
m

remarks: |) the zero-point of +|eB|/2m cancels with the spin Zeeman of —|eB|/2m

2) at large B, the NR model fails for excited modes with ~B/2m (>> m) terms

3) kin. E at L, > 0 cancels with the orbital Zeeman =» Landau degeneracy
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Pseudo-momentum/guiding center

B is uniform but Ais not = [p,H]~B#0

“guiding center”

. . kineti
Conserved quantities? e
' I=p-QA
pseudo-momentum: guiding center: T
K=II4+eBXxr or X:-ZXK:
eB
conserved
[Haa Kﬁ] =0 = [Haa Xﬂ] [’Ca Hsingle] =0= [Xa Hsingle]
one state per area S
: 1 AXAY ~ |/B \KDOOOOO
Kz, Ky] = —ieB or [X,Y]=— 0.0/0/0]0/0

eB > density of states ~ B |(OOOQO0OO
(degeneracy in energy) OOOOOQ
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2-body problems: Hall drift (classical)

drift force X3
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2-body problem for neutral mesons |

for m;=m,
H = Z[m + — 4 B| +V(r) R = rl;rz T=T1—T2

j=1,2
total pseudo-momentum is conserved: [K:R, V(r)] =0
special property in neutral case: q=-¢ =& no R

_ _ €1 + €2 e1 — €2 B,
’CR—Z’CL'—P-F ; BXR+— —Bxr P——Lxr
: both KgX, KgY
K%, K%] = —i(e1 +e2)B 0 “°f PR RrTAre

good quantum numbers

eigenvalue equation: KgrVUk(R,r) = kWK(R, T)

Ui (R, r) = exp [ (K + % X r) -R] i (1) = B ¢ (7)
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2-body problem for neutral mesons !

unitary trans. P & r entangled p & R entangled
2 1 2 B 21 .
1@H+H2 1@ :e—le P—l—BXL I p—l——qu el@
2 4m 2 m 2
! —— (K + B, xr)? +p—2 disentangled
T Am — m 8
Hamiltonian at a given K: e =~ KJ_/B
KJ_ 'dep.
= K2 p p2 B?
Hyg = £ L —q’l"_]_—’r’K2-|—Hz + Vi(r
2M m T am LT IK) w+¥ir)
K, -dep. arises only through shift of the center kv
oy
larger K, =» larger displacement g



Potentials =& the K, -dep. of spectra

A8
conf. pot. (unpert.) pert. ? 74
V = ane (Z +7r J_) + Vihort —> breaks Landau degeneracy WK fixed
o rg=X1- X,
G.S. spectrum: ~ ap, > zero-point E Zeeman  color- E&M
K? K? ah B B,
E,,(K)~ =2 = + =+ —L — Lo, +(V
g-s.(K) 2M h B2 +2Man, m m m < Short>K
Aqep
BgEB§+4maho ~ Qs B, K71

remarks: 1) V=0: flat Landau levels (degeneracy) =» finite V: K, -dependent bands

2) large B =» the K -dep. terms are suppressed by some powers of B

3) the zero-point E of ~|B.|/m cancels with the Zeeman of —[B|/m



Spectra: model results

spectraat K, =0
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20-30% reduction at B ~ | GeV?

[TK-Itatani "26]
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quenching of trans. kin. terms
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Hints of K, -quenching? 26
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More states at low energy
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Entropy grows faster than expected from HRG with mass reduction

HRG = hadron resonance gas
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Meson molecules
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Can light mesons form bound states ?

slow

at large B
~ |eB|™'"2 8
e Rl A internal quarks =» fast
p, =" m, c.m. motion (w,) =» slow
charged neutral
T[u or ’]‘[d (neutral) too |ight to bind !? But... [Fukushima-Hidaka ’12; Hattori+'l 6; TK-ltatani 26,..]
large B A2
e(K)—\/m2—|—K2—|—K2 en(K) =\/m2(B) + K2+ c—2P K2 4 ...
n - T 2z 1 n ™ z B 1
suppressed

can superpose wide range of K, =» w.f. highly localized in R,
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Born-Oppenheimer approach

neutral charged M-M potential

H = Hn -+ HC -+ Unc(Rn — RC) R,, R:: center-of-mass

I12 —e;0,B
internal 2-body Hamiltonian: Hj;(eq,e5) = Z : 2;0 + V(r)
i=1,2
fast modes: " neutral - Hypg (1) = en(K)pk(T)
spectra at a given K | charged [H(f{"” s (K) ]eiKsz oK. (r, Ry) —0
slow modes: effective Hamiltonian SLBIEETaE R.=R -R

(K&n)”  (82)°  Agop . _
Epne — oM. — 2,“’1’1C — C 2|QB| 8 nc(Rnc) (I)nc(Rnc) =0
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Impacts of meson-meson potentlal

weak B strong B




Existence of bound states 2i2e

~frozen

2
(Ktzot) (82 )2 1
. nc — — e — Unc Rnc 7R1’le (I)nc Rnc ~ ()
ID: [E 7. 2 ((Rie), Ric) (Rac)
1 ~
Lippmann-Schwinger:  ®(K,) = Upo(K, — K,) ®(K.
PP : ( ) Eb+K§/2/,LnC /K; BO( ) ( )

(E,, : binding E)
e.g.) for loosely bound state: ﬁBo(Kz — K;) ~ —Go + O[(Kz - K;)2]

IR divergence

| => solution exists (})

1D




chiral symmetry breaking
(Bali+"11)

Summary

chiral & deconf.T
(Bali+'11)
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A new avenue to study exotic hadrons
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~2011- QCD vacuum
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many studies (!)
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Matrix elements

A A2 on —A2 2 —A2 T'J_—TK
<O>— 373 /dz/ er_rJ_/O df Oe 1 ( )
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