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Dimensional transmutation in the BZ sector
(breaking of the scaleinvariance at = )

IR xed point (the scale invariance emergesat the loop level)
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Scale invariance and conformal transformations

x| x9= sx

R
Is there a corresponding eld transformation such that S = d*xL is invariant?
Assume

x)! x9=s 9 (%)

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

scalars: 7

fermions: 7
3
_ 4y 4o 1o 2d _
S—dXI@!FS{§ }S)d—é
1

The scaling dimensions and dimensions coincide.

Mass terms are not invariant:

R R
{ scalars: d*xm? 21 s%s 2 d*xm? 2
_ R
{ fermions: d*xm l s%s 3 d*cm



R
The Noether theorem: if S= d*xL scaleinvariant) @D =0
for a scalar theory

= Q (d + X @) X L
Q@ )
In general (Callan, Coleman, Jackiw (1970)):
@D =T
where
@ 1 2
T = ——@ L (@@ ]
g2 @ D Jn)
| {z }
the canonical energy-momentum tensor
Scaleinvariance) T =0
_ 1 1
ForL = ;@ @ sm? 2 = 4
T =m??2



Conformal transformations (angle-preserving) are such that

dx dx
jdxj jdxj
remains unchanged, so
w0 _ X bx?

1 2b x+ b2x?

conformal invariance ) scaleinvariance

scaleinvariance ) conformal invariance for all renormalizable eld theories of spin 1



Anomalous Dbreaking of scale invariance and xed points

The scale invariance implies the following Ward identit y:

where D = 4 nd is the canonical dimension of (n).

(M (spi) = s (M(p;) (?)

for s = €.

However, since the loop expansion requires some sort of regularization, (so somescale must be
intro duced: in the dimensional regularization, or in the cuto 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 satis ed:

g* ()@@Wm 1)m@@ n()+D (M(sp)=0
for
_ 4. _id . _dm
T4 " 2d 7 "™ md

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



In general, there is no scaling in a quantum eld theory, evenif m = 0. The solution of the

RGE reads: s

(N) (at v — (at\D () (. - . n [(to)]dtoo
(ep|11 )_(e) (p|1 (t)’ ) e 0

Assume there isan IR xed pointat = |r:so ( r)= 0. Then

R
e N o [@MNd°_ o n [ gl

and
(n)(spi): sPb n (IRr) (n)(pi)

The Green's functions scale with non-canonical scaling dimension d=D n ( |Rr)
To check the scale invariance one should nd T , e.g. for QCD:

ﬂ@a

G a
293

T =

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



Mass spectrum in scale invarian t theories

Operator of the scale transformation: U( ) = e'P
|[D, ]: ) [D, 2]: i 2 ) eiD 2e iD :e2 2
Let jpi is a state of momentum p : ?jpi = p?jpi

Assume that the scale invariance is not broken spontaneously: DjOi = 0, then

e 'D jpi is a state of rescaled momenta: e 'P jpi / je pi.

Conclusion: varying , one can construct states of an arbitrary non-negative mass?: e? p2.

+

Mass spectrum is either contin uous or particles are massless



Examples of the BZ sector

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

serntation

g° g° |
= + ——— + 3 loops
o= 11 %n o(ng) = 0 ng= 165

1 = 102 %n 1(n1) =0 n1' 805

fni<n<ng(so o>0& 1< 0)then keeping o and 1 one gets

g2 33 2n
16 2 306 38n

(r)=0 for

Expanding n around ng: n = ng 1 H

Conclusions:
{ If g= gRr, then the low-energy theory is scale invariant with small anomalous

scaling
{ For™" 1, the theory remains perturbativ e, so the contin uous spectrum doesn't

emerge.



Massless Ab elian Thirring model (D = 2)
L= i @ + ( )

{ G(x y)=i1hOTf (x) (y)gjOi - exactly calculable
{ Scaling: G(x y)= s29G[s(x )] for

"Electro-Magnetic" duality (Intriligator-Seib erg): N = 1 SUSY YM SU(N¢), N+ mass-
less quarks in the fundamental representation:

{ If %NC < Nf < 3N then there is a non-trivial IR xed point and the dual theory
IS SU(N¢ Nc), N = 1, YM with with N; quarks.
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The scenario again

uv CFT :BZ elds SM elds
# &
My ﬁosz Oswm

#

U transm utation scale #

#

_ dgz dy

| R xed point Cu UM—kOU Osgm

where k = dgy + dgz 4.

An example of matching between Ogz and Oy:

(qq) in QCD () M / (qgq) mesons in the chiral non-linear model

11



Correlators  and scaling

Z ey
M0jOy (x)Ou (0))01 = 2)2° P U (p?)

R - .
for y(p?)=( )" d @ (p p)jhojoy(0)j ij*.

Scaling:

Oux)! OJ(x9)=s duoy(x) with 1<dy<2 for x! x%= sx
Z .
u(p®) = d*x € MjOy(Xx)Oy(0)joi ) u(P*) = Ag, (P°) (P°)(P%)

where Aq, is a normalization constant and is to be determined.
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Phase space for unparticles

In a free scalar quantum eld theory

Z d3p Z d4p 7
HOi 0)i0i = ipx  — 0 2 m2)e X = 4 e iPX
) (x) (0)j0i o )32Epe 2 )3 (p”) (p )
| {z }
d
For unparticles
Z g |
MOjOy (x)Ou (0)j0i = 2 )3 u(p?e P for  y(p?) = Agy (P%) (PP)(pP)PY 2
+
» d*pu

d u(pu) = Ag, (P°) (PE)(p3)%Y

2 )4
Note that integrating the phase space for n masslessparticles one gets
|
: 4 (4) & W 0y 2y 3°Pi 0y (n2)(n2\n 2
(2 ) p (pi)(pi)(2 )3:An (p") (p7)(P7)
i=1 =1

for
_ 1652 (n+ 3)
S (2) (n 1)2n) V
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The integrating the phase space for n masslessparticles one gets
I

Z .
hd Y d?o:
)@ p () (P) o= An (%) (P2)(PA)" 2
L (2 )
=1 =1
for
16 52 (n+ )
n = > Z ) AdU - An: dy
2 )" (n 1)@ n)
The limit n! 1 reproducesthe single particle phase space:
lim 1(X) = (x) for x=p? and n 1
1 0t X
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Unparticle  propagator

The Feynman propagator:
Z Z

i Y(p?) = d*xe P HOjTfOy(X)Oy(0)gjoi = B U(mz)p2

o 2 m2 + i"

From the scaling properties y(m?) = Ag, (m?) m? du 2 5o

Ady, 1

Urn2y —
(P S (@ T

Non-trivial phase:

n (0] Ad
m (P = SE (@)
Interference with the Z-boson:
1
2\ —
The optical theorem:
X Z
2Im fA (i! i)g= d fA?(i! fYAG! f)

f

Im ‘FJ(pZ) 6 0 doesn't imply unparticle decay!
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An example: t! uOy

Lint = 1 as u (1 5)t @Oy + H.c. for
U
The dieren tial decay rate
d = g ,d .
2Mmi
+
d _ Ag,mZESj 2 (m¢ 2Ey)
dE, 2 2 6du (m2  2m¢E,)2 du
+
1 d E, 9v 2E2
= = 4dy(dg 1) 1 2— —u
dEu U( U ) my m?

16




N N
/ﬂ \A// |
/ T
///a/ |
\ // / |
WA\
/// \ / \ |
/// /,_,
// \\
W\
W
////:
\ //

0.5

0.4

0.2

Eu/mt

17



Couplings of unparticles to the SM

Scalar unparticles Oy

{ Couplings with gauge bosons

gg UdUG G Ou; ww UdUW W Ou; b UdUB B Ou;

{ Coupling with Higgs and Gauge bosons

hh

2 dy

HYHOU; “m ™ (HYD H)@Oy ;

s o U (HYH)20u: an (“Y(D H)Y(D H)Oy;

{ Couplings with fermions and gauge bosons

QQ
LL

-~

QQ

-~

LL
YR

{ Couplings

crC c C c

d d
QL D QLOu; uvu y YUr D UrOy; bbb

with fermions and Higgs boson

YU UdUQLHUROU; Y D UdUQLI'TDROU;

Y

d d
u LLH rOy; ve (| Y“LLHEROy;

18

UdUDR
d d d
Lo D L.Ou; ee y “ErR D ERrOuy; U R
d - d - d
dUQL QL@ Oy; “uu UdUUR Ur @ Oy; "pb %UDR
L LL@Ouy; "ee y "ErR ErR@Ou; TRrR y " R

“gg UdUG G Ou; "ww UdUW W Ouy; T UdUB B Ouy;

D DgrOy;
D RrOu;
Dr@ Ovy;
rR@ Oy;



Vector unparticles O,

{ Couplings with fermions

0 1 dy . 0 1 dy
QQ U QL QL OU’ Uuu u

0 1 dy . 0 1 dy
LL U Lo I—LOU’ EE U

Ur UROU;
Er EROU;

{ Couplings with Higgs boson and Gauge bosons

0 + Y(HYD H)O
Spinor unparticles O}

5=2 d S .
S U v RO ) S
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Unitarit y constrain ts

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

2. B. Grinstein, K. Intriligator and |. Z. Rothstein,
\Commen ts on Unpatrticles," arXiv:0801.1140 [hep-ph].

Im fA (i! i)g>0 =) dy > 3 for gauge invariant vector unparticle operators

Corrected vector and tensor propagators for unparticles.
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Deconstruction of unparticles

Keallen-Lehman representation of the Feynman propagator:
Z Z 2

- dm i
i U rR2) — 4.,~1pX ; N — 2
i = d*xe® hTfO y(x)Oy(0)gj0i = —— (m
F (P°) ) u(x)Ou(0)gj > ( )p2 R
with y(m?2) = Ag, (m?)(m?2)% 2. Deconstruction (Stephanov'07):
R
OU I Fnl n with m% = 2n
n=1
Then
£ R iF 2

i E(p?) = d*xe™* hOjTfO y(x)Oy (0)gj0i = e
n=1 P M !

_ A
if F2 = 22U 2(m2)du 2 then

2
A, X 2\dy 2 A z 2vdy 2gm2 % 2 i

 Ady (mg) 2 | Ady (m<) dm _ dm (m2) |
2, PP mi+i 1o 2 P2 m2+ " 2 P2 m2+ i"

The undeconstructed result has been conrmed. Now, let's focus on the non-trivial phase:

( )
» F2 X A
im = F2 @ m)) | = (@)
G, PP mE+ . 0 2
So, each peak becomeslower as F? 21 0, but their density increases.
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Each mode ' , breaks the scale invariance.

In the limit
X
lim
N 11
n=1
the scale invariance is recovered.
The deconstruction for t! uOy decay
- - X
[ ag u (1 s)t@Oy ! i a; u (1 5)1 Fn@' n
U U n=1
+
2 2 2 2
. _ miES _» : _ My my 2 _ Ady 2, 2\d, 2
(t' u n)— 6dU 2 Fn W|th Eu— T and Fn— 2 (mn)U
2m ¢

Number of states |’ i in the interval (Ey;Ey + dEy): dN = dE, =+

d 2m 2 m2
e — 2t (t! u+'p)= 5dg AdUZ—tzEﬁ(th 2m¢Ey) (m¢ 2Ey)
u

The same as the Georgi's result!
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Breaking of the scale invariance through Ogy Oy

(Fox, Rajaraman, Shirman'07)

Uv : WJHJ'Z Oz
U
+
dgz dy .
IR: ¢y WJHJ Ou
U
vZ hHj’i6 0 ) scaling violation at g:
4 dU _ U dBZ dU M2 dUV2
&) - MU U

For Q < g unparticles become particles (we assume g < y).
For Q > 4 unparticle e ects could possibly be seen.

Low energy experiment may not be sensitive to unparticles.
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For the interaction

dgz duy
U
v M dsm * dsz 7OsmOu

U
to cause observable e ects, the quantit y
2(dgz dy) Q 2(dgv +dy 4)

My My
must be large enough. However, Q > 4, implies

2d 4
Q SM My

< -
My \'

No ( dependence!

For (g 2)e,Osuy = ee Q' meg, SO

6
m
<M2‘i/4<1o 8 for My 100 GeV
U

negligible for the present experimental constraint < 10 .

1% requires My < 10° GeV to seeunparticle e ects at the LHC!
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Spontaneous symmetry breaking with unparticles and Higgs boson physics

(Delgado, Espinosa, Quiros'07)

. 1 g2
Uv . WJHJ Osz
+
dBZ dU . .2 . .2
IR: ¢y N:JUdBﬁJHJ Ou uJH ] Oy
Deconstruction (Oy ! S Fn'n,m2 = 2n))

Vit = M?jHj?+ jHj*+ V

for a2 @
1 o ,
V:E m2' 2+ yjHj? Fn' n
n=1 n=1
2
. uV<F o .. Ag
Mni= ——5— T for hHj% = v F2= —2U 2(m2)du 2
n
So,
ps A yA 1 dmz
hOyi =  FnH ni ! v2 4 =
U - nfl n U 2 o (m2)3 duy

The IR divergence!

P
A possible regularization V%= jHj? ' 2 is not scaleinvariant.
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Since the scaling invariance is anyway violated by hHi 6 0 through jHj20Oy so we adopt
0 1y 2 A 2
Vi= JH] " n

n

as the IR regulator. Then
2
. uVv
Vn = h ni = F
n n Z(m% + V2) n

The minimization for H reads:

X X
m2+ vZ?+ y  Fpvp+ vi=0
n n
Inserting vn one gets in the continuum limit (! O):

By 2 u( 2)2 duydu D = g

d A
for TU du 2(d, 1)@ dy) and ( 3)2 du 5%
2042, 200 1 212 dyipyi2d Ly
Ve = M7JH )"+ ’ u( g)® "YIHTY + JH]
Even if m? = O one can get Hi 6 0 ( y provides the scale):
q A q ) ! dZSMd 2
2 d 2 d U
vi= Y Y2 for 2 = ZdU v U 2
U
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Unparticle - Higgs mixing, yjHj% Oy, implies
Z 4

(m#)% —r(m?) dm?

P(ef) F= 0 mi, VOO e

2 2
for mg(m?) = m?+ v2 and r(m?) = m

m2+ v2
250

200
150
mh ;
100

50

0. | | | | |
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 y = v? 9u and = 1. The straight line is the mgap = 172v. Figure

from Delgado, Espinosa, Quiros'07.

Unparticle - Higgs mixing, yjHj? Oy, implies invisible Higgs decays
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Exp erimen tal constrain ts

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

G Ca Cs1 Cs2
LUff - dU 1f fOU+ dU 1f 5f OU+ TUfo OU+TUf f@OU
U U U U
+ PLip ot oy+ %f sf @ Oy
U U
(1)
Cy CA Cs1 S2
f fO, + f s5f O,, + fBf Oy + f f @Oy
Mgu 1 U Mgu 1 U Mgu gu
+ L fp of Oy + —2f sf @Oy
M Ju M Ju
(2)

Here the coe cien ts have been scaled to a common mass, chosen as the Z-boson mass M 7,
so that the only unknown quantities are the dimensionless coupling constants cy .

For photons we have

C C.-
Ly = F F Oy F F Oy (3)
4 O 4 O
U U
C C-—~
—F F Oy . F F Oy (4)
4m v 4m v
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Coupling Cy CA

dy 1 4/3 5/3 2 1 4/3 5/3
5th force 7 10 % 1:4 10 ¥ | 1:.8 10 10 2 10 ° 4 10 24 g8 10 16 1 10 10
Star cooling 5 10 1° 2:5 10 12 1 10 ° 3:5 10 ' 6:3 10 1° 2 10 12 7:3 10 10
SN 1987A 1 10 9 3:5 10 8 1 10 3 10 ° 2 10 U1 5:5 10 10 1:5 10 8
LEP 0.005 0.045 0.04 0.01 0.1 0.045 0.04
T evatron 0.4 0.05

ILC 1:6 10 4 1:4 10 3 1:3 10 3 3:2 10 4 3:2 10 3 1:4 10 3 1:3 10 8
LHC 0.25 0.02

Precision 1 0.2 0.025 1 0.15 0.01
Quark onia 0.01 0.1 0.45

P ositronium 0.25 2 10 13 2 10 8
Coupling Cs1 Cp1 , 2Cp2

dy 1 4/3 5/3 2 1 4/3 5/3
5th force 6:5 10 22 ivp g o 1:6 10 8 1:7 10 3 | | |
Star cooling 1:3 10 ° 7 10 7 3 10 4 0:13 4 10 8 1:1 10 ° 3:3 10 3
SN 1987A 8 10 8 2:4 10 © 6:6 10 ° 2 10 3 5.5 10 @8 1:3 10 © 3:5 10 °
LEP > > 1 > 1 > > 1 > 1 > 1
ILC > > 1 > 1 > > 1 > 1 > 1
From A. Freitas and D. Wyler\Astro Unparticle  Physics", arXiv:0708.4339  [hep-ph].

29



Summary

Intensive activit y on unparticles (128 citations of the rst Georgi's paper)
Interesting and exotic phenomenology

Unparticles could be deconstructed

Scale invariance breaking by interactions with the SM (Q > 4, to seeunparticles)
Troubles with IR divergences

Imp ortant cosmological consequences

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

Jochum van der Bij and S. Dilc her:

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

2. J. J.vander Bij and S. Dilc her, \A higher dimensional explanation of the excessof 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:

Extra-dimensional ( ) scalars neutral under the SM gauge group

e X | 2Ry
(X y) = EF g (X)e
K
Extra terms in the scalar potential
V(Hi )= —@f1 jHP)
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Similarities:
The contin uous mass spectrum e.g. for s! 1 : (s) s 3% =2
Di erences
In HEIDI only scalars, while unparticles could have any spin
Van der Bij and Dilc her don't assume scale invariance of the extra sector

In HEIDI interactions betweenthe SM and the extra scalars assumedto be renormal-
izable

Van der Bij and Dilc her 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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