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Q.  What is an elementary particle?
A.  Irreducible representation

                       of the Poincare group

particle is characterized by mass m and spin s

Poincare group 

               includes 4 spacetime translations

                                   3 rotations

                                   3 Lorentz boosts

                                 10 dimensions
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Standard Model of Particle Physics:

SU(3)xSU(2)xU(1) gauge theory

17 elementary particles

s = 0:     Higgs boson

s = 1/2:  6 quarks, 6 leptons

s = 1:     photon, gluon, W±, Z0

Beyond the Standard Model ??

                  more elementary particles ?

                  new interactions ?

Hidden Sector ??

with no Standard Model interactions
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Q.  What is an unparticle?
A.  Irreducible representation 

                       of the conformal group

unparticle is characterized by scaling dimension Δ

Conformal group includes 4 spacetime translations

                                                     3 rotations

                                                     3 Lorentz boosts

                                                     1 scale transformation

                                                     4 spacetime inversions

                                                   15 dimensions

“Unparticle Physics” 
Howard Georgi   hep-ph/0703260

Hidden sector could be 

scale invariant theory with conformal symmetry 

excitations are “unparticles” 
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Observation of Unparticles

q

q

`�

`+

U

Z

Invariant mass distribution PU2 of Unparticle 

can be measured using recoil momentum of Standard Model particle

Unparticle in a hidden sector cannot be observed directly

However it can be observed indirectly

if it is produced in association with a Standard Model particle

                                                                           (such as Z0)

Unparticle signature:  power-law dependence on PU2 

                                    exponent Δ determined by conformal symmetry
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For N massless particles, Δ = N.     

For Unparticle,  Δ can be noninteger
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production of Unparticle

in association with Z0, …

Searches for Unparticles at the LHC

CMS collaboration   arXiv:1408.3583, 1511.09375, 1701.02402
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CMS:  limits on effective cutoff scale 

           as function of scaling dimension

Unparticle invariant mass distribution
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Q.  What is a Galilean particle?
A.  Irreducible representation 

                       of the Galilean group

      characterized by kinetic mass M, spin s

Galilean group includes 4 spacetime translations

                                                3 rotations

                                                3 Galilean boosts   

                                                1 phase transformation

                                              11 dimensions

NonRelativistic Effective Field Theories

NREFT can have Galilean symmetry

                                  if kinetic mass is conserved in every reaction

phase symmetry guarantees kinetic mass conservation
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Q.  What is a nonrelativistic unparticle?
A.  Irreducible representation 

                   of nonrelativistic conformal group

unparticle is characterized by kinetic mass M, scaling dimension Δ

nonrelativistic conformal (Schroedinger) group 

                                      includes 4 spacetime translations

                                                            3 rotations

                                                            3 Galilean boosts

                                                            1 phase transformation

                                                            1 scale transformation

                                                            1 time inversion

                                                          13 dimensions

“UnNuclear Physics”  

Hammer & Son   arXiv:2103.12610

Unparticles can rise in nonrelativistic effective field theories
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“UnNuclear Physics”  

Hammer & Son   arXiv:2103.12610

Neutrons with opposite spins 

                   have large scattering length a = −19 fm

                   and enormous cross section at low energy

(accidental fine tuning of QCD makes dineutron almost bound)

size

cross section

radius of neutron:  0.8 fm


radius of cross section:  20 fm

Interactions between low-energy neutrons 

                                   are approximately scale invariant !
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                           mass         scaling dimension 

1 neutron:             mn                 Δ1 = 3/2 

2 neutrons:          2mn                Δ2 = 2 

3 neutrons:          3mn                Δ3 = 4.27272 

4 neutrons:          4mn                Δ4 ≈ 5.1 

“UnNuclear Physics”  

Hammer & Son   arXiv:2103.12610

Neutrons are Unparticles !

Low-energy neutrons can be described by 

                        nonrelativistic conformal field theory

For N weakly interacting nonrelativistic particles, Δ = (3/2)N.   

For Unparticle,  Δ can be non-half-integer
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“UnNuclear Physics”  

Hammer & Son   arXiv:2103.12610

Nuclear reaction A1 A2 → B + (N n) 
creates N neutrons recoiling against nucleus B  
             with invariant mass N mn + E near threshold 

Energy distribution of neutrons can be measured 

using recoil momentum of nucleus B

B

A
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n
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Unparticle signature:  

power-law behavior at low energy

exponent ΔN is determined by conformal symmetry

<latexit sha1_base64="4vHlSSI5oUKp/bM3qmyfa0284Vk="></latexit>
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“UnNuclear Physics”  

Hammer & Son   arXiv:2103.12610

Nuclear reaction π− 3H → γ + (3 n) 
creates 3 neutrons with invariant mass 3 mn + E with E ≪ mπ2/2Mn

Signature for 3-neutron unparticle:  power-law behavior 

                                                                     with exponent 1.77272

                                                                     (naive exponent is 3.0)
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“UnNuclear Physics”
Nuclear reaction A B → C + (4 n) 
creates 4 neutrons with small invariant mass 4 mn + E with E ≪ mπ2/2Mn 

                                               and large recoil momentum

Signature for 4-neutron unparticle:  power-law behavior 

                                                                     with exponent 2.6

                                                                     (naive exponent is 5.5)

B

A

A

n

n

n

1

2B C

A
n

<latexit sha1_base64="Gn8J+aYgJt6OfiIq3rP/O78drgE=">AAACFHicbVDLSgMxFM3Ud31VXboJilARykwp1ZVURRFXCtYWOmPJZDJtaJIZkoxQhvkIN/opblwo4taFO//GtHWhrQcunJxzL7n3+DGjStv2l5Wbmp6ZnZtfyC8uLa+sFtbWb1SUSEzqOGKRbPpIEUYFqWuqGWnGkiDuM9LweycDv3FHpKKRuNb9mHgcdQQNKUbaSO3CnhtKhNPAVbTDUZYGp+20IrIMGoHD4ui1e5uWS9WsXdi2S/YQcJI4P2S7dnhWeXw6urhsFz7dIMIJJ0JjhpRqOXasvRRJTTEjWd5NFIkR7qEOaRkqECfKS4dHZXDHKAEMI2lKaDhUf0+kiCvV577p5Eh31bg3EP/zWokOD7yUijjRRODRR2HCoI7gICEYUEmwZn1DEJbU7ApxF5mUtMkxb0Jwxk+eJDflklMtla9MGsdghHmwCbZAEThgH9TAObgEdYDBPXgCL+DVerCerTfrfdSas35mNsAfWB/fwLeg6A==</latexit>

d�

dE4n
⇠ (E4n)

2.6
0.0 0.5 1.0 1.5 2.0 2.5

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E4n [MeV]

E4n2.6

E4n5.5

dσ/dE



15

Nonrelativistic particles with

 ● reactions that conserve kinetic mass

 ● bound state very close to threshold

 ● scale invariance in limit as binding energy goes to 0

     (not discrete scale invariance, which gives Efimov effect)

Nonrelativistic Unparticles

low-energy behavior:  Unparticles!

 ● reaction rates with power-law dependence on energy

 ● exponents determined by conformal symmetry
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Low-energy neutral charm mesons

are Unparticles !

Neutral charm mesons

spin 0:  D0 = cu,  D0 = cu       mass:   M = 1865 MeV 
spin 1:  D*0 = cu, D*0 = cu      mass:  M✻ = 2007 MeV

_   _       _
_   _      _

arXiv:2107.03821

with H.-W. Hammer

X(3872) resonance in D*0D0 + D0D*0 JPC = 1++ channel

⟹ S-wave bound state very close to threshold:  |EX|  <  0.22 MeV 

⟹ scale invariance in limit |EX| → 0

       (because resonant channel is superposition)

_          _

reaction rates with power-law behavior

exponents determined by conformal symmetry !!

  ●  for multiple charm mesons (different scaling dimensions for bosons)

  ●  for X(3872) + charm mesons (new reactions involving bound state)



X(3872)  ≡  𝟀c1(3872)
discovered at e+e− collider     Belle 2003

                   B± → K± X,   X → J/ψ π+π−

 ●  quantum numbers   JPC = 1++   LHCb 2013

 ●  mass is extremely close to  threshold

     EX ≡ MX - (MD*º + MDº)  =  (-0.07 ± 0.12) MeV   LHCb 2020

     |EX|  <  0.22 MeV   at 90% CL

D*0D̄0

 ● width  is extremely narrow

     ΓX  =  (0.22 ± 0.14) MeV    LHCb 2020

17

 ●  7 observed decay modes

     J/ψ π+π−, J/ψ π+π−π0, J/ψ γ, ψ(2S) γ, 𝜒c1 π0, D0D0γ, D0D0π0

_         _

first of dozens of exotic heavy hadrons 

           that have been discovered since 2003 !
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integral equation for production amplitude for D*0D0 
                            from creation of charm mesons at a point

Production rate 

as function of the energy E:  

     dR/dE  !  |𝒜(E)|2 √E

Point Production of D*0D0
_

solve algebraically:
<latexit sha1_base64="dHws0bd51QKWlTOJqXd6gpDtLss="></latexit>
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numerical solution of STM integral equation for X D → X D  (D = D0 or D*0)

Scattering of X(3872) and Charm Meson
Canham, Hammer & Springer   arXiv:0906.1263

cross sections 

as functions of energy E

high energy scaling behavior:   σ(E) ~ E−1.6


power-law with approximately same exponent for X D0, X D*0
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Point Production of X(3872) + Charm Meson

production rates dR/dE

as function of energy E
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Low-energy neutral charm mesons

are Unparticles !

X unparticle

operator with scaling dimension Δ2 = 2  

creates D*0+D0, D0+D*0, and X(3872)

_        _

XD* unparticle

operator with scaling dimension Δ3✽ = 3.0870  

creates D*0+D0+D*0, D0+D*0+D*0, and X(3872)+D*0

_              _

XD unparticle

operator with scaling dimension Δ3 = 3.1012  

creates D*0+D0+D0, D0+D*0+D0,  
                        and X(3872)+D0

_             _

arXiv:2107.03821

with H.-W. Hammer

in the limit εX → 0  

Effective Field Theory for neutral charm mesons is scale invariant

                                  ⇒  Nonrelativistic Conformal Field Theory !
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homogeneous integral equation for production of D*0D0 
                            from creation of charm mesons at a point

X Unparticle has scaling dimension Δ2 = 2

Scaling Dimension: X Unparticle
_

solve algebraically for large E:

D*0

=
_
D0

○𝒜 𝒜○

𝒜(E) ~ |E|Δ-5/2   ⇒  Δ = 2
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homogeneous STM integral equation for production of XD (D = D0 or D*0) 
                                                                     with large relative momentum p ≫ √2μ E

XD  Unparticle has scaling dimension  Δ3 = 3.10119 
XD* Unparticle has scaling dimension Δ3✽ = 3.08697

look for power-law solution:  𝒜(p) = ps-1

operator dimension:  Δ = 5/2+s

Scaling Dimensions: XD, XD* Unparticles

X

=
D0

○𝒜 𝒜○
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Propagators for Unparticles

propagator is determined by conformal symmetry

primary operator φn(x):  scaling dimension Δn, mass Mn

spacetime propagator:

Fourier transform has branch cut:

AdS/CFT correspondence: spacetime is boundary of anti-deSitter space

<latexit sha1_base64="njr0Nd5SkGpNoxXCw0+4EKRcN60="></latexit>
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Correlator for Three Operators

3-point function is determined by conformal symmetry!

primary operators φ1(x), φ2(x), φ3(x):  scaling dimensions Δ1, Δ2, Δ3 

                                                                                         masses M1, M2, M3 = M1+M2 

Henkel and Unterberger 1993

Fuertes and Morozov  2009

Volovich and Wen  2009
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Correlator for Three Operators
is determined by conformal symmetry!

  ● Fourier transform in time

  ● Fourier transform in space

  ● isolate pole from particle propagator D1(E1,p1) = i/(E1 - p12/2M1)

  ● isolate branch cut from 2-Unparticle propagator

Henkel and Unterberger 1993

Fuertes and Morozov  2009

Volovich and Wen  2009x1

x2

x3

  amputated 3-point function with particle on shell:  E1 = p12/2M1

<latexit sha1_base64="U+O3pWyZg9xaUmoXaAtROmTAmdM="></latexit>
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Point Production of Unparticle

amputated 3-point function Gamp(E2,p)

  ● multiply by complex conjugate:  |Gamp(E2,p)|2 
  ● multiply by discontinuity in propagator of particle


  ● multiply by discontinuity in propagator of 2-Unparticle


  ● integrate over phase space: ∫dE1d3p/(2π)4

production rate of 2-Unparticle recoiling against particle

from the creation of a 3-Unparticle at a point

                                    with energy E3 in its CM frame

behavior near the threshold E3 > p2/2M12
<latexit sha1_base64="lxtEDntGST4iDIFXljG4yJBPLWM="></latexit>
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Point Production of X(3872)+D0

finite binding energy εX breaks conformal symmetry

  ● 2-Unparticle develops bound state component 
  ● 3-Unparticle develops bound state + particle component

discontinuity in 2-Unparticle propagator

rate for producing bound state + particle:  keep δ-function term
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Point Production of Bound State + Particle

production rate dR/dE 
as function of energy E

exponent is determined by conformal symmetry !!

Δ3  - Δ2 - Δ1 + ½  = +0.1012   for XD0 

Δ3✽ - Δ2 - Δ1 + ½ = +0.0870   for XD*0
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dR/dE has power-law behavior at high energy
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Scattering of X(3872) and Charm Meson

cross sections 

as functions of energy E

is exponent determined by conformal symmetry?
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σ(E) has power-law behavior at high energy

challenge:  postdict the exponent



X Unparticle
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Kaon Momentum (GeV/c)
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peak from D*0+D0, D0+D*0 below pmax = 1141 MeV 

power-law behavior determined by Δ2 = 2

transition B± → K± 

creates X unparticle  

produces D*0+D0, D0+D*0, and X(3872)

Babar collaboration   arXiv:1911.11740

inclusive decays B± → K± + (anything)

measure distribution of K recoil momentum p 

can it be resolved by Belle II collaboration ?

will collect larger data set by factor of 40
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XD and XD* Unparticles
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XD unparticle

observe through X(3872)+D0 component with decay D0 → K−π+

production rate with energy dependence E+0.1012 

production of XD or XD* unparticles

                  requires creation of two cc pairs

sufficient rate only for prompt production at Large Hadron Collider

can it be observed by LHCb collaboration ?

no trigger for events with 3 charm mesons

need X(3872) → J/ψ π+π−, J/ψ → μ+μ− to provide trigger

_



Summary
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Nonrelativistic Unparticle 

excitation created by an operator with definite scaling dimension 

                              in a Nonrelativistic Conformal Field Theory

can explain power-law dependence of reaction rates 

                   with exponents determined by conformal symmetry

Low-energy neutrons are Unparticles !

because dineutron is almost bound   Hammer & Son  arXiv:2103.06290

Low-energy neutral charm mesons are Unparticles !

because of X(3872) resonance   Braaten & Hammer  arXiv:2107.03821


