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Abstract: We comment on several points concerning unparticles which have been overlooked in the literature. One regards Mack\'s unitarity
constraint lower bounds on CFT operator dimensions,e.g,. d>= 3 for primary, gauge invariant, vector unparticle operators. We correct the resultsin
the literature to account for this, and also for a needed correction in the form of the propagator for vector and tensor unparticles. We show that the
unitarity constraints can be directly related to unitarity requirements on scattering amplitudes of particles, e.g., those of the standard model, coupled
to the CFT operators. We also stress the existence of explicit standard model contact terms, which are generically induced by the coupling to the
CFT (or any other hidden sector), and are subject to LEP bounds. Barring an unknown mechanism to tune away these contact interactions, they can
swamp interference effects generated by the CFT.
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Outline

* Mouvauon: unparticles

* Unitarv Representauons ot the Contormal Group
* Recover Mack's resules tfrom opucal theorem

Note: no new results: rather. simple phvsical understanding, intuition

g MaCK. Cammun. math. Phys. S5
* (_omments on Unparucles
¢ Simplest observations: what d 2
® Scale invarance alone does not help
¢ (Contact terms
* induced bv messengers
® induced by CFT exchange

* Edects ot corrected propagator (vectors non-transversc)
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Bv way ot motivation: unparticles

g I
T B = g)
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gar

e
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g'Mi

* S-tunction vanishes Banks-Zaks (BZ):

® o) = o is constant e pcrturbative g’
® Jcale invanance il

®* non-zero anomalous dimensions
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e (_ontormal Field Theories (CFTs) do not have a tradittonal S-martrix

description: thev do not have tree. asymptoucally separated in and out states

(reorgr: can one see etfects ot a CFT with normal particle detectors?
* Probes: normal (SMD) parucles

. Saarge FEL 38 Z0CN 228

* (Couple normal particles (SNI) weaklv to a CFT T e

® [se scattering ot normal partcles to invesugare CFT effects:

® Virtual effects ot CEFT on normal to normal scatterning
(or normal particle decav)

e Production ot CFT stutf. thar 1s. normal to CFT sc arrering

* Findings:

* Production: 1s as it the hinal state phase space 1s thar ot a tracuional
number ot partcles. Hence “unparticles.”

* Momentum dependence and angular distribution of scattering cross
sections 1s different tfrom normal
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e Weak coupling ot SM to CFT:
® Interacuon 1s onlv through irrelevant operators (contormal invanance sate)
e L'V completion: mediated by new heavy particles ("messengers™). mass M- (M > A\
* Computabihov: CFT 1s Banks-Zaks IR tixed point, but perturbartive
tasvmprotically tree) in UV where 1t couples to SM

e

MusseNger Mass VI

’ = . ]. . i w "x...- i
M =C(M) 5 Ogz( M- )Ogy = C l*\lmooﬁil

M M

where a= :sz = rfc.;:g[ - 4 e = 7 g.)
o

it—0Ogrz =308z

ol 11
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e (_ontormal Field Theories (CFTs) do not have a traditional S-matrix

description: thev do not have tree. asymptoucally separated in and out states

(reorgr: can one see cttects ot a CFT with normal particle detectors?
* Probes: normal (SMD parucles

P aeangl PEL 28 2000 2218
ke i . - Prys, Lo B B5C 2007 255
* (Couple normal particles (SNI) weaklv to a CFT

* [se scartering ot normal particles to invesugare CFT effects:

® Virtual effects ot CET on normal to normal scattering
(or normal particle decav)

* Production ot CFT stutf. thar 1s. normal to CFT sc artering

* Findings:

* Production: 1s as it the final state phase space 1s thar ot a tractional
number ot parucles. Hence “unparticles.”

* Momentum dependence and angular distribution of scattering cross
sections s different trom normal
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I 00 I sCatienng of normal particies

normal < ( _____ _{T_ ___) > normal
eed  (T[O(x)O(0)])

( ) torward scattering amplitude
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Unitary Representations

The conditions tor unitarv representations ot the contormal group
tollow trom unitaritv ot the S-matrix trom the Field Theorv

tactuallv. trom the weaker condiion that the imagmary part
ot the torward scattening amphlitude be non-negative).

Pn_-__u__:r;tm. mn I_l yur s.tt:{'}\.:
e :-point (sreens tuncuons are determined (up to a constant) by contormal invariance
* (_ompute propagators. i¢. Fourier Transtorm ot 2-point tuncrion
® [se these propagators in torward scattering amplitude

® Oprical theorem: imagimarv part ot torward scartering amplitude 1s non-negative
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Step 1: Operator 2-point functions in CFT

Do onlv primaries loperator that 1s not the denvative ot another operator),

Non-vanishing onlyv it two operators have the same dimension.

1 1
: _)'.3 [J.'.E }rf

Scalar propagator { (9( z) T(:J( () ) = (_-':.,_"

.

(2

Fixed up o normalization bv scale invarance (Poincare alwavs assumed)

(_¢15 4 normalization Constant.
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Step 1: Operator 2-point functions in CFT

Do onlv primaries (operator that 1s not the denvative ot another operator),
Non-vanishing onlv it two operators have the same dimension.

1 |
: _)2 (_J.'.E ):f

Scalar propagator | ( (.r)( x) OO0 )x = (__':';

(2

.

Fixed up to normalization bv scale invanance (Poincare alwavs assumed).

(_. 15 a normalizarion consrant.

I  Llx)
ﬂ]-f

\ector propagator Cj“ (x)TO..(0)) =Cy

(270)% (r

'J-,I .-I'-_n.r

3

S

where fﬁ,, = GQup — 2

Fixed bv requining. 1n addition. invariance under special contormal transtormations.

(.18 A normalzanon constant.

. . . 5 g e o e
Note that the divergence vanishes (it is “conserved™). " ——— = 0. only for =3
' L=y :
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(Clearlv anv higher tensor can be expressed in terms ot this. For example

svmmetric. traceless 2-index tensor propagator

1 (I,u.lll-r)lucr(-r} I %g;;pf};\ﬁr) = B —V
('-_}-;—.']-I {_1-3 }if

(O (£)TO0x,(0)) = Cr

[ts divergence vanishes (it 1s "conserved™) only tor & = 4

A similar construction tor SPINOrs uscs gamma matrices
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Step 2: 2-point functions in momentum
space, “unparticle propagators”

Start from strarghttorward integration in cuchdean space: -

1 | (2 — d) / d*k

= = [.rjs-xt-k_‘lfa"—!
i = — § \
(27)2 (£2)4 141 (d)

(23
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Step 2: 2-point functions in momentum
space, “unparticle propagators”

Start trom straighttorward integration in cuchidean space: . .

th-1 I: L__‘ }ff—!

scalar: =

¥ ¥ g \ [
(272 (r=)d 14-1T(d)

o)

1 1 Fi:l—d#/' d*k
{

Analvucallv continue 1n & and rake denvatives to ger other 2-point tuncnions (euclidean).
tor example:

L Quo — 2r,0rp /¥ fd- = I (2=dy &%k . . ' 2d =2 ki ke
g o ¢ p W | ﬁ.
VECEDE , = = . = ¢ TV T | Qe —
== ()= [ =) fo—1]1"1d 3+ 1) (27 ) d— 1 b=
R I,oted ix)—p— ) — S0 00 62 — o) d*k e |
[ensor = 2 L Taucr = / e e b=y = L dled — 1) GuXpa — 8 —=
[} | {
L K [ J‘.'II
— 5 A=l = L dine = 20l = Dl =20 (g = — e~ — v
§ | ™ 'l_.l.-" l'__"'n. W ,'.j';\- a I‘."“I ¥
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0
Rortate to Minkowsk: [ A

Re k"

and get propagarors. 2.¢. Vector

S - -~

/.fé.” —REOIT(0,(£)0,(0))0) = —iC(—k* = ie)?
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Steps 3&4: Conditions on & tfrom optical theorem

s

Strateeyv: Probe the CFT with external particies sources)

Require thar optical theorem holds tor total cross section of external particles

Im «  » | > ()
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Steps 3&4: Conditions on & from optical theorem

Strategyv: Probe the CFT with external parricles (sources)

Require that oputical theorem holds tor total cross section ot external particles

1. Scalar operator
[nteraction with source 7: b = f“(f) 2= hig

Amplitude rollows from propagator in Minkowski space

(-';Tfj"!'rf L)
I==tE(d)2

re—d . ..

Li—LT () | =Kk~ — l¢ y A== —= Il.ll v"ln'.'-i — \ _IHIf .I;'“ 6| ﬁl_-j J[:;L'j !

A=g"Csx|°

= Cs(d—1)>0
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P 5 - - e F | d
iC 1S €as [0 SCC TNAT . noudil

) Y = C'e

OO >0 &= | &0

?\-' [e: 101s drgument Works or tne normanzation constanr 1or any operator
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2. A bit more interesung ... vectors.  Take £ 2 gn,O" + he

Amplitude rollows rrom propagator i Minkowski space:

g 7Cy(d — 1)? . Ad—2) |x -k ~-a
hn Ases = — : S she — | B(k2)B(K") (k)3
i Mgragy VX T a—1 | O PIERE

In the CM-trame. this 1s posiuve 1t

'y o d—3 2l 5 0
g [N+ gyivel”] 2

Again we can show (_; >0 . Sowehaved 2z Dand (J4-3)/(Jd-1) = O,

Butd = | 15 excluded. The amplhitude (not just torward) must exast tor arbitrary (but nice)
in out wave-tunctions. Hence. require

/;f'ﬂ.‘flni,' —L‘ID““i:ﬁ-.':]l.r_;[ﬁ..’:l L 0

¥ Jf—"

¥
The most dangerous term 1n the propagator 1s (K™} (Kuky, k7)) iving d = 2. Hence

=
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2. A bit more interesung . vectors.  Take £ D gy, O" + h.e

Amplitude rollows rrom propagator in Minkowski space:

GCrCyv(d — 1)2 . i —2) b R
[m—“lfwri — X“XK — &= 1 A':"

(K )P Y (k)2
11-14 [2(d) Y

In the CM-tframe. this 1s posiuive 1t

% Toos &=

e - %1 >
= | IR + = Ixol*[ 20

Again we can show ;- >0, Sowehaved 2z ODand(Jd-3)/(Jd-1) = O,

ButJ = | 1s excluded. The amplitude (not just torward) must exast tor arbitrary (but nice)
in out wave-tunctions. Hence. require

/d*#ffiuj —-k)D, (k)5 (k) <

¥ .l.—" ¥
The most dangerous term 1n the propagator 1s (K™} Sk uk /E) aivingd =z 2. Hence

-
Pirsa: 08060034 d "5 Page 72/90




Pirsa: 08060034 Page 73/90



Small Representations

Saturate the bound. Ditferent behavior depending on whether y y-=0O or 717220

For scalars (7 /2= 0 ) at.d = 1. note that
(. + L J’f{ . 1 | ¥ 1l 1 ¥ = L
b Ay = — — I |FHENYO(REYR>YE = — Comg™ x TOR")(K) as o — 1
twd 1T ()2 | = £l
i )
L u’fT = Lnrrr.:\pnmh\ [ A I-I'L'L‘ I!‘umlrw \L‘J_l.u‘ ﬁL‘ltI_
® =) {delta. not thetal

® scalar descendent has zero norm: - = ()
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Small Representations

Saturate the bound. Ditferent behavior depending on whether ; s-=0 0r 77220

For scalars (7 s-=0) atd = 1. note that

(.qTf;""tf — 1)
¥ (d Y-

¥

[T ENVO(EY (K22 — Comg|x SOy (K™) asd—1

I-Lu"ll!\\'r: —

i )
L u’f' = | Lllfftkpllﬂlh\ ro a I-I"L‘L‘ I'I'l._lhhlL‘N\' \LJ_LH‘ t_u:lt{_

® m =) (delta. not theta)
® scalar descendent has zero norm: 9= = ()

For vectors ( y y-=0) avd = 3, hmit 1s smooth. but tensor becomes transverse:

2(d — 2

o — 1

i ey

T ks | — =i [K2g — k]

el b
® /= 3 corresponds to a conserved current (we alreadv knew)

® » - U (theta. not delta)

® scalar first descendent. # O, | has zero norm: # O, =0
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The results generalize:

® =00 primaries. d — J; + o+ 1
® rensor 18 mndependent of J. except for overall racror
e overall factor vanishes in himit 21iving delta function
10 Sl

f'l.'}—l e fil:j\'!_l A= fftf—{jl—-—_j-_l—-—l'j—-l]
{E=] "

Im A X

® |1~ alree neld isecond descendent vanishes)

Pl =0 = @0 ;=0

2)
®fory =0 o0r ;=0 anrst descendent has zero norm (follows from A-=0)
. ] |
ad,0! =4}
=l g da )
®; /=0 primaries. d — j; + ja + 2

® limit 1s smooth. keep theta tunction
* tensor depends on 4, becomes transverse in limit
® ;¢ some first descendants have zero norm

) (Y -
+r)4“(_'."u;w,-__J =

l.ui::ntlnn;ﬂ CXAMpics Bpon coques!
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Comments on Unparticles

Pirsa: 08060034



Simplest observations

In the unparucle hiterature
. 1 i Iv 1 < 2
I 1S CUustomanry 1o studyvy oniy S s L
* ntegral dimensions are avoided

* all tields are studies in | < d < 2 regardless ot spin

As vou know

® There 1s no upper bound on d
® Nothing spec:al at integral 4 (but some subtleues, see bellow)

* Lower bound depends ont /. /)
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Scale but not contormal: way out?

No known examples ot 4d unitary QFTs that are scale invariant but not
contormal mnvarant

Easv ro construct examples ot 4d non unirary scale invariant bur not
contormal invariant theories.

[n zd Polchinsks has proved scale imvanance - unitanity imphies CFT

Riva and Cardy's counter-example 1s non-unitarv

U sing onlv scale invariance. convergence ot the amplitudes give, generally

l"!’&jl"‘F‘j_}"{'l

(Contormal invanance tightens this tor the case 7, 7: = 0. and requires infinite
towers of states and. when J saturates the bound, puts conditions on first
descendants.

Page 79/90



Contact Terms I:
Irivial but most dangerous

UV completion ot weak SM-CFT coupling through messenger:

|
D Di(M - &
etf LM J_U* 1
. (.-}1 == j (.]‘“
\ SAM CEl
¢SSO NEer muass M T
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Contact Terms I:
Irivial but most dangerous

UV completion ot weak SM-CFT coupling through messenger:

“{:t:if : D[I: J‘If_' |

o

VE

0; = 3.0

\ | : -: Hl{ i\}"l'

i

MeEsstneeEr. Imuas
o -
Then simost
unavowdably:

1 1 )
- L-}'I — D'I _1! ) 11)" L 3 2 L-}p = 37  H
_‘I'r__ — -i [ -'11({_1__ JI ( J e J}IJ
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For an exclusive process. eg. ¢e — ¢€. or ee — up

( ) Vs -
1 1 E-
M ME AR

' f N ‘_}I; rf—"’pll
'_l'II'LD-LI'? icle DI E E . “ o
' ~ - E = CM energy
-‘L_w_-utm:t D.‘ . A I!’ : Jﬂ' ;
And rthe contacr interactions are alreadv tightly constramned:
2
. 4 Z s 7 | -
f_, = - IhiEi i ‘,“ 5 APl aral 1. (AALETM 3L-2ra
a L+ Lil S hidl If-'? ' fj A Xy ROp. SR T PN

ig=L.R

where ¢~ 17 is taken to be 1 by convention. 0 = Li0) for f =« (f = ¢). 1, = £1 or O for different

mteraction tvpes, A s the scale of the contact interactions. «,
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andd f
il

are lett or right-handed spinors.
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=
|
=1 T = T
R i i
T =
EER— | e
g | -
I
e -} | —
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Contact Terms II:
more subtle, still dangerous, unavoidable

Recall. in CFL:

-

P G =200, r= o — 102 —d / d*k - [ 2(d — 2) Fy'“ [

itk p2d—2
VECTIOr — L '-‘t" | _rh“,

2 ey -0 (d +=1) Ot T

For 4 = integer on RHS? Take. eg. d — 3

- pole 1 14 - 3) muluplies local term (concentrated at x =) - counterterm
- limut ot rest gives a non local propagator

l g, —2r,z,/x° 1 et S : 5
S — / = (b g, —ky k. ) In{k")

[ D=—)= !J'—ll'{ N 1x 7 '2:_:'4

- need to introduce a scale in log, but contormal invanance OK since logl «-) gives
contact term (exactly like infinite pole): renormalization

- contact term required to get RGE-invanance (Ze.. «-independent resulrs)

- exactlv as expected trom tree tield theory with OF = v~#0 /\

i |
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- " ¥ 1 r
(_ounterterms are needed even tor non-integral d
They are required tor RGGE moartant amplitudes!

L

For :.'\...lﬂ"l’r‘ilt:. tor €€ — pLH

(| Heg | €€). Heg =

o
L
(-
.
b

1s RGGE invanant g‘lruufiui

Nl V e

C ( H CiiA
| Ir == — l 1
e ._h_) | [

) '}I } !
Catm) = CalAr) + D22 | (I
“11l 9« ) Nope
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D2(0) = —j*(0)),.(0)

1119 )
) = 1| €36\
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Non-transverse propagators

Consider vector unparticles (for detiniteness. but tensors. ete. are simular).
(Compare transverse propagator vs CFT's propagator. same scaling dimension

Is there a phvsical distuinetion?
Not tor SM=conserved current

Yes tor non-conserved current

..-'\ =
5 i r . _ 2 f = Y i -
Example: ¢+ — g + ( o it (1 —=5)tO" - h.e.
0 = B
i . T 2 l=3234.38 38, LI
_ =) = ]
E=E"" gy s :
[ dr
- | 5
2 0.4 0.6 08 1
i 2P Page 86/90

Pirsa: 08060034



umimnary
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* [nirarv representations ot the contormal group:
® Poincare content ot unitary representations ot the Contormal Group can
be understood simply trom unitarity of S-matrnix
¢ Analvsis vields additional insights:
* rensor structure of propagators

® renormalization

* Unparucles

* Lower bounds on 4. in particular & 2 3 (4) tor vectors (tensors) greatly
suppress ctects

* Nerther vector nor tensor propagators are transverse: only when the
unitarity bound on the dimension 1s saturated does the operator satistv
conservation laws (or tree field equations of mouon tor jj:=0)

¢ [ltra-heavy particle exchange necessarilv introduces SM contact
interactions. which generallv dominate over other unparticle interterence
effects.

* (CFT exchange induces additional SM contact interactions (which cure the
apparent problems with integer dimensions).
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