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Introduction to Unparticles
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H. Georgi, PRL 98, 221601 (2007), cited 170 times:
SM ® CFT(BZ)

Dimensional transmutation in the BZ sector
(breaking of the scale invariance at u = Ay)

U

IR fixed point (the scale invariance emerges at the loop level)
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Scale invariance and conformal transformations

/
r — T = ST

Is there a corresponding field transformation such that S = [ d*zL is invariant?
Assume

p(z) — ¢'(2') = s~ ()

where d (the scaling dimension) is to be determined.

e scalars:

1
Sy = /d4:1: {Eﬁuqb@“qb = —¢4} — §4s—§—2d¢15¢ =dy =1

1

e fermions:

_ 3
Sy = /d4x¢i'y“8ﬂw — 548_18_2d¢18¢ = dy = >

1

e The scaling dimensions and dimensions coincide.

e Mass terms are not invariant:
— scalars: fd4:13 m2 ¢? — sts2 fd4:c m? ¢?

— fermions: fd4:13 map)p — s*s3 fd4513 m i



The Noether theorem: if S = f d*z L scale invariant = o*D,, =
for a scalar theory

oL
Pr = 5 org)

In general (Callan, Coleman, Jackiw (1970)):

(d¢ + x,0")p — xu L

0" Dy =T, "

where

oL 1
T v — 81/ - 1/£__ 8 81/ — v %
7 D ¢ — gu 6( u gu) e

N 7
~

the canonical energy-momentum tensor

Scale invariance = TM” =0

For £ = %(%gb@“qb — %m2¢2 _ %¢4

_ 2,2
T, =m-¢



Conformal transformations (angle-preserving) are such that

dx® dx o,

|dx| |dz]

remains unchanged, so

xh — bH g2
1 —2b-x+ b2x2

zH — ' =

e conformal invariance = scale invariance

e scale invariance = conformal invariance for all renormalizable field theories of spin < 1



Anomalous breaking of scale invariance and fixed points

The scale invariance implies the following Ward identity for 1PI Green’s function I'("):

D, =0 = (—%—I—D)F(")(etpl,...,etpn1):0

where D =4 — nd¢ is the canonical dimension of I'(™). The solution reads

L™ (sp;) = sPT) (p;) (%)
for s = et.
However, since the loop expansion requires some sort of regularization, (so some scale must be
introduced: p in the dimensional regularization, or A in the cutoff regularization), therefore
one can expect that classical scale invariance (i.e. invariance of the Lagrangian) would be
broken at the quantum (loops) level. One can use the RGE to verify if the canonical scaling
(%) is satisfied:

5, %) 0
—— A) — m — DYm—— — ny(A) + D | I'(™ (sp;) =0
8t+ﬁ( )aAJr(v )mam ny(A) + (spi)
for
d\ 1 d @ dm
= — = = —Z m = — —
B udﬂ, gl 2”@ 3, 7 —

In a massless, non-interacting theory the scaling is canonical!



In general, there is no scaling in a quantum field theory, even if m = 0. The solution of the

RGE reads:
T (etp;, A, ) = (1) PT (py, A(2), ) e Jo YA

e Assume there is an IR fixed point at A = A;r: so B(Ar) = 0. Then

o
o~ Jo YIA@E)]dt _ —ny[ArR]t

and
° F(n) (sz) = SD_n'Y(AIR)F(n) (pz)

The Green’s functions scale with non-canonical scaling dimension d = D — ny(A\rR)
To check the scale invariance one should find T),*, e.g. for QCD:

pl9)

T, 4 =
293

a a puv
@ G G

So, if B(g) = 0 then the theory is scale invariant.



Mass spectrum in scale invariant theories

Operator of the scale transformation: U(e) = e?¢"

i[D,P, =P, = [D,P?]=—-2iP? = PPl = ¢2°p?

e Let |p) is a state of momentum p,,: P?|p) = p?|p)

e Assume that the scale invariance is not broken spontaneously: D|0) = 0, then

o c““Plp) is a state of rescaled momenta: e=*“P|p) o |ep).

2. p2€,2

Conclusion: varying €, one can construct states of an arbitrary non-negative mass p=.

Y

Mass spectrum is either continuous or particles are massless



Examples of the BZ sector

e Banks & Zaks (1982): SU(3) YM with n massless fermions in e.g. fundamental repre-

sentation
3 5

g g
Blg) = — (60167'('2 “l‘ﬁlm —|—3100ps--->

Bo=11—2n  Bo(no) =0 ng=16.5
Br=102—38n Bi(n1) =0 n; ~8.05

If ng <n <ng (soBo >0 & B1 <0) then keeping By and (31 one gets

2
9IR 33 — 2n
=0 for =
B(91r) 1672 306 — 38n

Expanding n around no: n =ng (1 — )

2
gI—R25X10_2

1672
Conclusions:
— If g = grr, then the low-energy theory is scale invariant with small anomalous
scaling

— For ¢ < 1, the theory remains perturbative, so the continuous spectrum doesn’t

emerge.



e Massless Abelian Thirring model (D = 2)

L = Piy"utp + A(Prut)”
— Gz —y) = 0|T{(z)1(y)}|0) - exactly calculable

— Scaling: G(z — y) = s2¢G[s(z — y)] for

1 A2 1
§+47T2 _ A2

47

d =

e "Electro-Magnetic” duality (Intriligator-Seiberg): N =1 SUSY YM SU(N.), Ny mass-

less quarks in the fundamental representation:

— If %NC < Ny < 3N. then there is a non-trivial IR fixed point and the dual theory
is SU(Ny — N¢), N =1, YM with with N quarks.
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The scenario again

Uuv CFT : BZ fields SM fields

| \ 7
My, Mig; Opz0sm

|
Ay transmutation scale 1

!

AIBZ —dy
IR fixed point cy UT Oy Osm
u

where £ = dgn + dpz — 4. dsyv and dpz are canonical dimensions of Ogy and Opz,
respectively, while dy; is the scaling dimension (the same as the mass dimension in this case)

of Ou:

Oy(z) — O (x') = s MOy (x) with 1<dy<2 for z—a =szx

An example of matching between Oz and Oyy:

e (gq) in QCD <= M « (gqq) mesons in the chiral non-linear model
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Correlators and scaling

d*p
e
(2m)?

for pre(p?) = (27)4 [dXA 6 (p — py) [(0]Oy (0)|N)]2.

010u@Ou(0)l0) = [

e Scaling:

Oy(x) — O (x') = s MOy (x) with 1<dy<2 for z—z =szx

pu(p®) = /d4:v e’P* 0|0y ()0 (0)|0) = pu(p®) = Aa, 0(°)0(P?)(p*)™
where Ag,, is a normalization constant and « is to be determined.

Y

Oé:du—Q
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Phase space for unparticles

e In a free scalar quantum field theory

3 . 4 . |
©1p@o0)10) = [ =T —emivr = [ L2057 — ) emive = [ dweive

(27)32E), \(2%)3 )
e
e For unparticles
d*p 2\ —ipx 2 0 27 (2 \dy —2
(0[O () Oy (0)[0) = pu(p”)e for  py(p*) = Aq,0(p")0(p~)(p~)™H
(2m)4

Y

d*py
(2m)4

Note that integrating the phase space for n massless particles one gets

APy (pu) = Aay, 0(p°)0(p3)) () U~

n n .
/(%)45(4) (p_ Z) [ o)) b _ An0(p°)0(p*)(p*)" 2

3
=1/ =il (27)

for
1675/2 T'(n+ L
An _ 67 (TL 2) — Ad
(2m)2" T'(n — 1)I(2n)
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The integrating the phase space for n massless particles one gets

4
/(27T)45(4) (p Z) H9 2)8(p; é 5 = And(p N)o(p*) (p?)"~*

1=1

for

1675/2 I'(n+ 2)
A, = 2 = Ay, =A,_
(2m)27 T'(n — 1)T(2n) T n=dy

Georgi: Unparticle stuff with scale dimension dy; looks like a non-integer number
dy, of massless particles.
The limit n — 1 reproduces the single particle phase space:

ed(x)

elirél+$1€=5(x) for x=p? and e=n-—1
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Unparticle propagator

The Feynman propagator:

iAY (p?) = / d*ze™*(0|T {Oy (x) Oy (0)}0) = /0 2

From the scaling properties py(m?) = Ag,,0(m?) (mQ)d“_Q, SO

Aq 1
AL{ 2y U
r(P7) 2sin(mwdy) (—p? — ie)2—u

e Non-trivial phase:

tm { A% (52) } = ~ Z440(p) ()

e Interference with the Z-boson:

1
Az(p?) = .
z(p7) p? —m% +iMzT g

o Im {Azj’, (pz)} # 0 doesn’t imply unparticle decay!

15




An example: t — u Oy

A AjF
Lint = ZAdu Uy (1 —v5)t 0Oy + H.c. for A=cy e
u U
The differential decay rate
M
dl’ = ddyy dP,,
th
2
dl'  Ag ,miEZIN? O(ms — 2E,)
dE, QWZAZ{CZU (m% — 2m Ey,)2—du
2
1 dr E, N\ U2 (B, \?
— =A4ddy(di, — 1)1 —2— —
"By il )< mt) (mt>
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Couplings of unparticles to the SM

Assumptions:
e (D in neutral under the SM gauge group

e dim(Ogy) < 4

ASBz—dy

Lint = cy uMk OyOsm  for  k=dsm +dpz —4

U

e Scalar unparticles Oy

— Couplings with gauge bosons

)\ggA_duG YGuvOu, Awwl\_d”WWWquu, AbbA_ MBWBWOw

— Coupling with Higgs and Gauge bosons

M2 M HYHOy, M Ay, ™ (HT D, H)O Oy
Aan Ay, U (HH)2 0y, Aan Ay, (D, H)T (D*H)Oy,

— Couplings with fermions and gauge bosons

AQQA&d”QL’mD“QLOM, >\UU!\5du Urv,D"UrOy;, )\DDA&duDR’Y,uDMDROMa
AL Ay, Ly D* L Oy, Apeh;, "™ Ery,D* EROy, Avw Ay, g~ DFrrOy,
AQQA&d“QL’mQLa“Ou, >\UUA&du UrYuUrO" Oy, ADDA&duDR'YuDRaMOU>
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Aoy, M Ly L8Oy, AprAy, " EryuErd* Oy, ArrAy, ™ vrY.vrO* Oy,
>\YRA1_ UpS ROy,

— Couplings with fermions and Higgs boson

Ay Ay, U QrHUROy, Ay pA, " QrHDROy,
AyuAad“ LLHvrOy, AypA;,"“ Ly HEROy,

e Vector unparticles OZ

— Couplings with fermions

1—dys A 1—dy 1—dy ~

0oy MQrLvuQLO;, Mgy MUrYWURO,, ANpphAy ““DryuDrOy,,
1—d;; 7 1—-d;; + 1—dy, —

/LLAZ/{ MLL"}/MLLOZ, /EEAI/{ uER’Y,u,EROZa /RRAZ/{ UI/R’VMVROZ,

— Couplings with Higgs boson and Gauge bosons
—d —d
A U (HIDLH)OL | Xyo Al ™Y B, 80" .
e Spinor unparticles O7

A A2 M08, A AP~ OF L 65 HI
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Unitarity constraints

1. G. Mack, “All Unitary Ray Representations Of The Conformal Group SU(2,2) With
Positive Energy,” Commun. Math. Phys. 55, 1 (1977).

2. B. Grinstein, K. Intriligator and I. Z. Rothstein,
“Comments on Unparticles,” arXiv:0801.1140 [hep-ph].

e Im{A(i—1i)} >0 =  dy > 3 for gauge invariant vector unparticle operators

e Corrected vector and tensor propagators for unparticles.
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Deconstruction of unparticles

Kallen-Lehman representation of the Feynman propagator:

_ ipa % dm?
Ak ?) = [ dtoe OIT{Ou@O0u(0}0) = | G pm?)

with py(m?) = Ag,,0(m?)(m?)% =2, Deconstruction (Stephanov’07):

(©.@)
Oy — Z Fppn with m2 = A?%n

n

n=1

Then

AU ¢, 2 4 _ipx = ZF?%

A% (%) = [ d*@e™*(0|T{Oy (z)Oy(0)}|0) = ) R —

n=1 n
A
if F2 = 4 A2(m2)% 2 then
S N o e [t
27 p?—m2 +ie A—0 27 p? —m? +ie 27 p? —m? +ie

n=1

So, the undeconstructed result has been confirmed. Now, let’s focus on the non-trivial phase:

00 F?% B
tm{ 3 b3 rmit ) o o

— p? —m2 +ie

So, each peak becomes lower as F> ~ A? — 0, but their density increases.
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e FEach mode ¢, breaks the scale invariance.

e In the limit

the scale invariance is recovered.

The deconstruction for t — u@;, decay

A
ZAdu vy, (1 — v5)t 0H Oy
u
I'(t oA meBupe
(t — upn) = Aad“ o wi

lim
N — oo

n=1

2
n

th

n=1

and F?2 =

o0
o (1= 75)t > Fndten

Ady, AQ(m%)du—2
2T

Number of states |¢y) in the interval (E,, Ey + dE,): dN = dE,, th

dl’ 2m

= — S T(t = u+op) =
AZ®

dE,, A2

The same as the Georgi’s result!

Y

Adu

22
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UnCosmology

(in progress with Jose Wudka)
Brief history of the Universe in the presence of unparticles:

e For T > M;j, the excitations in the new sector are in their BZ phase; they are also in
thermal equilibrium with the SM so that T'=Tgz = Tgs.

e For T' < My the BZ sector starts to decouple, as the average energy is no longer
sufficient to create mediators, however, the thermal equilibrium may still be maintained
(T ~ Tz ~ Tgpr) depending on the strength of effective couplings between the SM
and the BZ sector.

o Let Ty be the temperature such that
['(Ty) ~ H(Ty)

where I' is the reaction rate responsible for maintaining the equilibrium between the SM
and the new sectors, while H is the Hubble parameter. For Ty > Ay I' is determined
by reactions of the form SM+« BZ between the SM and excitations in the BZ phase. If
Ty < Ay then I' is determined by processes of the form SM « U between the SM and

the excitations in the 4 phase.

e BBN constraints

23



Breaking of the scale invariance through Ogn\ Oy

(Fox, Rajaraman, Shirman’07)

UV . WLHP OBZ
u
J
AdBZ_dZ/{ 5
IR: cy (WIHI ) Ou
u

v2 = (|H|?) #0 =  scaling violation at Ay:

B A dpz—dy B
A= (3£) ME 2
U

e For Q < Ay unparticles become particles (we assume Ay < Ay).

e For (Q > Ay unparticle effects could possibly be seen.

e Low energy experiments may not be sensitive to unparticles.

24



For the interaction
AZBZ_d“
C Oan O
U MdSM+dBZ_4 SMY~U
U

to cause observable effects, the quantity

(Au )2(d62—du)( Q )2(dSM+du_4)
€ X M, M,

must be large enough. However, Q > Ay implies

Q 2dsm MZ/{ 4
<) ()

No Ay dependence!

e For (g —2)c, Osm = €€, Q >~ me, SO

6
e < MTZ64 <1072  for My > 100 GeV
u'U

negligible for the present experimental constraint e < 10711,

o ¢~ 1% requires My; < 10° GeV to see unparticle effects at the LHC!

25



Spontaneous symmetry breaking with unparticles and Higgs boson physics

(Delgado, Espinosa, Quiros’07)

uv:: —anz=z|HI* OBz
ML{BZ
U
A2BZ —dy 0 5
IR: cy (WU‘H )OME ru|H|* Oy
u

Deconstruction (Oy — > Fnen, m2 = A?n) =

Vit = m2|HI? + M\H|*+6V

for
1 [©.@) (©. )
6V = mpen +sulH[? Y Fuon
’F A
(pn) = =" for  (HP) =0, F%= A (m})u?
n
So,

o0 Ad (%) de
_ 2 U _

e The IR divergence!

e A possible regularization § V/ = (|H|? >_ (2 is not scale invariant.
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Since the scaling invariance is anyway violated by the vacuum expectation value # 0 through
|H|?Oy; so we adopt
SV =ClHP?Y o2
n

as the IR regulator. Then

Ky U2

F
2(m7, + (v?)

Un = <90n> = -

The minimization for H reads:

m2—|—)\fu2—|—ﬁzuZann—l—§Zv%:0

Inserting vy, one gets in the continuum limit (A — 0):

m? 4 w2 — My (pu2)2 2= — g

d A
for My = (MM (dy — VT2 —dy)  and  (uF)? T = kf S

T
dy—1

2
Vo = m?|H|? + A (pg)? | H|?% 4+ X H|*

U

Even if m? = 0 one can get the vacuum expectation value # 0 (Ay; provides the scale):

1 1 ZoM =
)\u 2—du Ad Q—du Ag{ 2—du
2= ()T = (G (M— A
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e Unparticle - Higgs mixing, ky/|H|? Oy, implies

: 2\ —1 2 2 2/, 2\2—dy > (m?)%u 2 2 2
WP(p7) " =p7 =i, + v () /0 B (m?) —p2ae
for ma(mQ) = m? + ¢(v? and r(m?) = (#2@2)2

250

200¢

150t

mh
100;
50;
1 1.2 1.4 1.6 1.8 2

dU

The pole Higgs mass my, (lower curve) and the unresummed Higgs mass my, (upper curve)
as a function of dy; for Ky = v2~ % and ¢ = 1. The straight line is the Meap = ¢1/2y. Figure
from Delgado, Espinosa, Quiros’07.

e Unparticle - Higgs mixing, ky|H|? Oy, implies invisible Higgs decays
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Experimental constraints

From A. Freitas and D. Wyler, “Astro Unparticle Physics”, arXiv:0708.4339 [hep-ph].

Cv & Ca & Cs1 7 Cs2 7
Lupy = waf% + WfW’YSfOZ + TuﬂpfOu - Tuf%u,fauOu
Ay Ay Ay Ay
C _ C _
+ g TP5S Ou+ o Fruvs] 9 Ou
U U

(1)

cv 3 I CA r " Cs1 7 €S2 &
IR fyuf O + AT fyuysf O, + VD fDf Oy + VD fyuf 0Oy

Z Z Z Z
CP1 cp2
+ —— [PV fOu+ — fyuvs f O Oy.
MZu MZu

(2)

Here the coefficients have been scaled to a common mass, chosen as the Z-boson mass My,
so that the only unknown quantities are the dimensionless coupling constants cx.

For photons we have

Cryy C35
Lygyy = T Fu,F* Oy — A e*VPPF Foo Oy (3)
U U
— Cyy 72 % _ 35 wvpo
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Coupling cv CA

dyy 1 4/3 5/3 2 1 4/3 5/3
5th force 7 .10 24 1.4-101° | 1.8.10"10 2.10° 4-10—24 81016 1-10—10
Star cooling 5-101° 2.5.10 12 1.10"° 3.5-10""7 6.3-101° 2.10" 12 7.3-10"10
SN 1987A 1-109° 3.5-10"8 1-10"6 3.107° 2.10 11 5.5.10 10 1.5-10"8
LEP 0.005 0.045 0.04 0.01 0.1 0.045 0.04
Tevatron 0.4 0.05

ILC 1.6 104 1.4-103 1.3-1073 3.2-10"4 3.2-1073 1.4-10"3 1.3-1073
LHC 0.25 0.02

Precision 1 0.2 0.025 1 0.15 0.01
Quarkonia 0.01 0.1 0.45

Positronium 0.25 2 Q=" 2.108
Coupling cs1 CP1; 2cp2

dyy 1 4/3 5/3 2 1 4/3 5/3
5th force 6.5-10"22 | 1.2.-10"13 1.6-10"8 1.7-10"3 — — —
Star cooling 1.3-109 7-.10"7 3-104 0.13 4-10"8 1.1-107° 3.3-1073
SN 1987A 8108 2.4-106 6.6 -10"° 2.1073 5.5-1078 1.3-10"6 3.5.107°
LEP > 1 > 1 > 1 > 1 > 1 > 1 > 1
ILC > 1 > 1 > 1 > 1 > 1 > 1 > 1

From A. Freitas and D. Wyler, “Astro Unparticle Physics”, arXiv:0708.4339 [hep-ph].
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Summary

Intensive activity on unparticles (170 citations of the first Georgi’s paper)
Interesting and exotic phenomenology

Unparticles could be deconstructed

Scale invariance breaking by interactions with the SM (Q > Ay to see unparticles)
Troubles with IR divergences

Important cosmological consequences

So far, no fundamental problem of particle physics has been solved by the assumption

of unparticles - Is this a drawback?

31



HEIDI

Jochum van der Bij and S. Dilcher:

1. J. J. van der Bij and S. Dilcher, “HEIDI and the unparticle,” Phys. Lett. B 655, 183
(2007) [arXiv:0707.1817 [hep-ph]].

2. J.J.van der Bij and S. Dilcher, “A higher dimensional explanation of the excess of Higgs-
like events at CERN LEP,” Phys. Lett. B 638, 234 (2006) [arXiv:hep-ph/0605008].

3. J. J. van der Bij, “The minimal non-minimal standard model,” Phys. Lett. B 636, 56
(2006) [arXiv:hep-ph/0603082].

The model:

e FExtra-dimensional (§) scalars neutral under the SM gauge group

_ 1 P27 kg
¢(z,y) = NGITIE %:%;’(:U)e T
e Extra terms in the scalar potential
V(H,¢) = — 2o~ |HP)
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Similarities:

e The continuous mass spectrum e.g. for s — oco: p(s) ~ s—319/2
Differences

e In HEIDI only scalars, while unparticles could have any spin

e Van der Bij and Dilcher don’t assume scale invariance of the extra sector

e In HEIDI interactions between the SM and the extra scalars assumed to be renormal-

izable

e Van der Bij and Dilcher claim that only for 0 < § < 1 there is no tachyons in the scalar
spectrum, so the potential is stable (1 < dy; < 2)
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