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Q. What is an elementary particle?

A. lIrreducible 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




Standard Model of Particle Physics:
SUBIxSU((2)xU(1) gauge theory

17 elementary particles
s =0: Higgs boson

s = 1/2: 6 quarks, 6 leptons
s=1. photon, gluon, W=, 20

Beyond the Standard Model ?7

more elementary particles ?
new interactions ?

Hidden Sector ??
with no Standard Model interactions
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“Unparticle Physics”

Hidden sector could be
scale invariant theory with conformal symmetry
excitations are “unparticles”

Q. What is an unparticle?
A. lrreducible representation

of the conformal group
unparticle is characterized by scaling dimension A

Conformal group includes 4 spacetime translations

3 rotations

3 Lorentz boosts

1 scale transformation

4 spacetime inversions
5 15 dimensions




Observation of Unparticles

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 29)

Invariant mass-squared Pu2 of Unparticle
can be measured using recoil momentum of Standard Model particle

do /AP ~ (Pg)~
Unparticle signature: power-law dependence on P2
exponent A determined by conformal symmetry

For N massless particles, A = N.
For Unparticle, A can be noninte%er




Searches for Unparticles at the LHC

production of Unparticle
In association with 20

q
Unparticle invariant mass distribution

do /dPE: ~ (P3)~ 2

. “95% confidence limits
are obtained on the effective cutoff scale

as a function of the scaling dimension”
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NonRelativistic Effective Field Theories

NREFT can have Galilean symmetry
If Kinetic mass is conserved in every reaction

Galilean group includes 4 spacetime translations

3 rotations

3 Galilean boosts

1 phase transformation
11 dimensions

phase symmetry guarantees mass conservation

Q. What is a Galilean particle?

A. lrreducible representation

of the Galilean group
characterized by kinetic mass M, spin s



“UnNuclear Physics”

Unparticles can rise in nonrelativistic effective field theories
Q. What is a nonrelativistic unparticle?

A. lrreducible representation

of nonrelativistic conformal group
unparticle is characterized by kinetic mass M, scaling dimension A

nonrelativistic conformal (Schroedinger) group

Includes 4 spacetime translations
3 rotations
3 Galilean boosts

1 phase transformation

1 scale transformation

1 time inversion

9 13 dimensions




“UnNuclear Physics”

Neutrons with opposite spins

have large scattering lengtha = -19 fm

and enormous cross section at low energy
(accidental fine tuning of QCD makes dineutron almost bound)

...........

radius of neutron: 0.8 fm size

radius of cross section: 20 fm

lllllllll

Interactions between low-energy neutrons

are approximately scale invariant !
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“UnNuclear Physics”

Low-energy neutrons can be described by
nonrelativistic conformal field theory

Neutrons are Unparticles !

For N weakly interacting particles, 4 = (3/2)N.
For Unparticle, A can be noninteger

mass scaling dimension
1 neutron: Mn A1 =3/2
2 neutrons: 2Mn Ao =2
3 neutrons: 3Mn A3=4.27272
4 neutrons: 4mn Ay=D5.1

Cold Atom analog:

fermionic atoms with 2 spin states tuned to Feshbach resonance
11



“UnNuclear Physics”

Nuclear reaction A; A2 = B + (N n)
creates NN neutrons near their threshold with invariant mass N mn, + E

and substantial recoill momentum from nucleus B
n

Z
\

Al\
Az/@ B

Energy distribution of neutrons
can be measured using
recoil momentum of nucleus B

do ~ FAN—5/2
dF

Unparticle signature: power-law behavior with
exponent Ay determined by conformal symmetry
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“UnNuclear Physics”

Nuclear reaction - 3H —= y + (3 n)
creates 3 neutrons with invariant mass 3 m, + E with E « m+#2/2M

" |||'|""I"""""""With

Z ) s
\

o
AN
T T T

dI/dE, [1 0'°/(fms)]

o
no

Twithout
do N (ES )1.77272 "|FSI
dESn n 0 05 1 15 2 25

E, [MeV]

Signature for 3-neutron unparticle: power-law behavior
with exponent 1.77272
i3 (naive exponent is 3.0)



“UnNuclear Physics”

Nuclear reaction AB = C + (4 n)
creates 4 neutrons with small invariant mass 4 m» + E with E <« m+2/2M
and large recoil momentum

E ;2.6

o
/
@\

do/dE |

! Eand-5-
i N(E4n>2.6 oo | /

0.0 0.5 1.0 1.5 2.0 2.5
AL an, Ean [MeV]

Signature for 4-neutron unparticle: power-law behavior
with exponent 2.6
14 (naive exponent is 5.5)



Low-energy neutral charm mesons
are Unparticles !

Neutral charm mesons
spin 0: DO =cu, DO =cu mass: M = 1865 MeV
spin1: D0 =cu, D**=cu  mass: Msx=2007 MeV

X(3872) resonance in D*0D0+D9D*0 channel

—> bosons with large positive scattering length but no Efimov effect
—> neutral charm mesons are Unparticles!

reaction rates with power-law behavior
e for multiple charm mesons (different scaling dimensions)
e for X(3872) + charm mesons (new reactions)

exponents determined by conformal symmetry !

Cold Atom analog:
bosonic atoms with 2 spin states A, A’
and Feshbach resonance in channel A’A + A'A



X(3872) = xc1(3872)

discovered at ete- collider
B = K= X, X — J/Y -

e qgquantum numbers JPC = 7++

® mass is extremely close to p™pD° threshold
Ex = Mx- (Mp~ + Mp?) = (-0.07 = 0.12) MeV
IEx| < 0.22 MeV at 90% CL

e width Is extremely narrow
[x = (0.22 = 0.14) MeV

® / observed decay modes
J/W -, /Y o, JIW y, w(2S) v, ye1 0, DODOy, DODO0

first of dozens of exotic heavy hadrons
that have been discovered since 2003 !



What is the X(3872)?

experimental inputs: JPC = 7++ and |Ex| < 0.22 MeV

resonant S-wave interactions
with pairs of neutral charm mesons
transform X into loosely bound molecule !

X(3872) = (D*DO + D0D*0)/ |2

small additional components
at long distances: D'D’z"

at short distances:
charged charm mesons D" t*D~+ D*D™~
P-wave charmonium y.,(2P) ?7

compact tetraquark [cg]||cg] ?7?




Point Production of D*0Do0

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/GE ~ |d(E)2 JE

dR/dE [arbitrary units]

high energy scaling behavior: dR/dE ~ E-"
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Scattering of X(3872) and Charm Meson

numerical solution of STM integral equation for XD = X D (D = D% or D)
2 X

DO

1000§ T |||||||| T |||||||| T |||||||| T |||||||| T T T TTTT

cross sections top
as functions of energy E :

c,/(2na’)
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low energy: o(E=0) = 4T apx?
huge scattering lengths: apox = —9.7a, apox = —16.6a

high energy scaling behavior: o(E) ~ E-1-°
power-law with approximately same exponent for X Do, X D™
19




Point Production of X(3872) + Charm Meson

STM integral equation for production of X D (D = D0 or D)
from creation of charm mesons at a point

production rates dR/dE
as function of energy E

dR/dE [arbitrary units]

1 ‘Illldl'o-I 1 11 11111 1 L= IIII-I 1 11 11111 1 1 IIII‘III00

low energy: determined by huge scattering length apx

high energy scaling behavior: dR/dE ~ E+0.08

power-law with approximately same exponent for XD, XD™0
20




Low-energy neutral charm mesons

are Unparticles !

in the limita — o (ex — 0)

Effective Field Theory for neutral charm mesons is scale invariant
= Nonrelativistic Conformal Field Theory !

X unparticle o

operator with scaling dimension Az = 2 <
creates D*0+D0, D0+D*0, and X(3872)

XD unparticle

operator with scaling dimension Az = 3.7072_ 7"

creates D*0+D0+D0, DO+D*04+0O, o< I
and X(3872)+D0°

DO

XD™ unparticle

operator with scaling dimension Az« = 3.0870
creates D*0+D0+D*0, DO+D*0+D*0, and X(3872)+D*0

21
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Scaling Dimension: X Unparticle

integral equation for production amplitude for D*0D0
from creation of charm mesons at a point

; —1/a+ \/—2u(E + ic)

solve algebraically: A(E )

scale-invariant limit: a > » = J(E) ~ |E|"
A(E) ~ |[E|A-52 = A=2

X Unparticle has scaling dimension Az = 2
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Scaling Dimensions: XD, XD* Unparticles

homogeneous STM integral equation for production of XD (D =D or D*0)
with large relative momentum p » [2u E

o0 2

p
A(p) = / daA(a) 1o r— Mn /M
(p) i M COR e prpe v p/Mx

1 +¢° + 2rpg

look for power-law solution: #(p) = ps-’
- sin (s arcsin(r))
- 2rV1 = 12 scos(sm/2)

smallest positive solution: s =0.6071719 if D =D°
$s=0.51834 itD=D"

operator dimension: A = 5/2+s

1

XD Unparticle has scaling dimension Az =3.707119
XD* Unparticle has scaling dimension Az« = 3.08697
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Propagators for Unparticles

primary operator ¢n(x): scaling dimension 4,, mass M
propagator is determined by conformal symmetry

spacetime propagator: (¢n(z1)¢h(z2)) = Cp 0(t12) (t12) 2" exp(iMyriy/2t12)

5 A, —5/2
Fourier transform has branch cut: D, (E,p) = C] (21]?4 —F - i€>

AdS/CFT correspondence: spacetime is boundary of

Unparticle propagator is free-field propagator in
24



Correlator for Three Operators

primary operators ¢i(x), ¢2(x), P3(x): scaling dimensions Ay, Az, As
masses M1, M2, M3 = M1+M>

3-point function is determined by conformal symmetry!

) (tlg) —Au3 2/2 eXp(iMnT%3/2t13)
)At 3) QAQB /2 exp(iMn 133/ 2ta3)
—413 2 (I)( )

(f1 (1) B (w2) @k (23)) = 012 3 0(t1

X O(t23

X (t12)
Aije =0 + A5 — Ag

T2 T2 742

®(w) is function of single scaling variable y = —*2 13 4 23

2-dimensional integral representation 212 2tz 223

+00 .
d(w) = / du(u + ie)_AB’Q/Qe_ZMl“

e Aoz 1/2 —iM —A12,3/2
X / dv(v + je) "R/ 2 iMoY u— v+ (1+ie)w) |
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Correlator for Three Operators

(p1(x1)pa(x2)dl(x3)) is determined by conformal symmetry!

X1

X2

® Fourier transform in time

® Fourier transform in space

e isolate pole from particle propagator D1(E1,p1) = i/(E1 - p12/2M+)
® jsolate branch cut from 2-Unparticle propagator

p2 As—5/2
Do(E —C 2 _ By —j
2( 2,]92) 2 <2M2 2 ZG)

3-point function at large momentum p1 =p2=p
G(E., Eo,p) — (constant) Dy (Ey,p1) Da(Ey, po) po3 ~ 21742
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Point Production of Unparticle

production rate of 2-Unparticle recoiling against particle
from the creation of a 3-Unparticle at a point
with energy Es in its CM frame

amputated 3-point function Gamp(E2,p)
e multiply by complex conjugate: |Gamp(E2,p)|2
e multiply by discontinuity in propagator of particle
Di(Ey +ie,p) — D1(Ey —ie,p) = 276 (B2 — p* /2M5)
e multiply by discontinuity in propagator of 2-Unparticle
2
Dy (B +ic.p) — Da( Bz — ie.p) = = _1]02/2M29<E2 - 2%)
® integrate over phase space: [dE:d3p/(2r)

behavior near the threshold Ez > p2/2M 2

Ao—5/2 Az—A1—As
2 / e 3 d3p
2M12 2M12 (27’(’)3

dR — C <E3—
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Point Production of X(38/72)+DY

finite charm-meson pair scattering length
® preaks conformal symmetry
e 3-Unparticle develops bound state + particle component
e 2-Unparticle propagator is modified by bound-state energy ex

discontinuity in 2-Unparticle propagator

, , Ey —p?/2M 2
DQ(E2+Z€7p)_D2(E2_Z€7p): EQ{p22/2M2/+’§X|9<E2_ i )
2

—|—27T\/’€)(‘5 Es z | ’6){‘
2M5

rate for producing bound state + particle: keep &6-function term

dR — (constant) v/ |e x| ]EBA?’_AQ_Al_l/2 dFE3
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Point Production of Bound State + Particle

production rate dR/dE
as function of energy E

dR/dE [arbitrary units]

Illdl.01 | 11 11111 | IIII1 | I I | | IIII‘III00

dR/dE has power-law behavior at high energy

exponent is determined by conformal symmetry !l
Az -Ao-Ar+ 7 =+0.1012 for XDO
Az - No-A1 + 72 =+0.0870 for XD*0
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Scattering of X(3872) and Charm Meson

1000 &——r—rrrrm

Cross sections
as functions of energy E

0001 1 1 Illlcl)l.01 1 L1l 1 IIH1 1 L1 1 111Y 1 L 11 .IIIOO

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

can it be derived from 4-point function <<b1($1)¢2(x2)¢1(x3)¢£($4)>
in nonrelativistic conformal field theory ?
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X Unparticle

inclusive decays B+ = K* + (anything)
measure distribution of K recoil momentum p

- X(3872)y "
l l l n X 2( Xc0 J/w nc
Vol [

C

N
o
o

w

S

S
|

Candidates/5 MeV/
S
T

transition B+ — K= oo
creates X unparticle n
produces D*0+D9, D0+D*0, and X(3872) "

peak from X(3872) _1001:_' I B N
abOve pmax = 1 141 Mev p Kaon Momentum (GeV/c)

I
||||||||

peak from D*0+D9, DO+ below pmax = 1141 MeV
power-law behavior determined by A> =2 dI' /dp ~ (Pmax — p)—l/ 2

can it be observed by ?
will collect larger data set by, factor of 40



XD and XD* Unparticles

production of XD or XD* unparticles

requires creation of two cc pairs
sufficient rate only for prompt production at Large Hadron Collider

no trigger for events with 3 charm mesons
need X(3872) = J/Y rtri-, J/Y — pu+u- to provide trigger

XD unparticle
observe through X(3872)+D° component with decay D9 = K-rr+
production rate with energy dependence £+0-1012

can it be observed by ?
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Summary

Nonrelativistic Unparticle
excitation created by an operator with definite scaling dimension
in a Nonrelativistic Conformal Field Theory

Low-energy neutrons are Unparticles !
because dineutron is almost bound

Low-energy neutral charm mesons are Unparticles !

because of X(3872) resonance
X unparticle: can be observed through K recoil momentum distribution
in inclusive decays B+ — K= + (anything)
XD unparticle: may be observable
in prompt production of X(3872) D%at LHC

Can Unparticle behavior be observed in ultracold atoms ??
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