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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 results in
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

e Mouvauon: unparticles

* Unitarv Representanons ot the Contormal Group
* Recover Mack's resules trom oprcal theorem

Note: no new resules: rather. simple phyvsical understanding. intuition

= NWlaEs . Tl PiTes =S
* (_omments on Unpartcles
= .‘ixmpint nbhservarions: “'11.1[ d *
® Scale invanance alone does not help
¢ (_ontact terms
* nduced by MESSCNECTS
* nduced bv CFT exc hdngc

e Edecrts ot corrected propagator (vectors non-transverse)
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Bv way ot motivation: unparticles
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e Bellow A
* S-tunction vanmishes Banks-Zaks (BZ):
® A =e® 15 constant o perturbative g’

® l¢ 10y e W= N .4

sCale invarnance /i

non-zero anomalous dimensions

=
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e (—ontormal Field Theories (CFTs) do not have a tradittonal S-marrix

description: thev do not have tree. asvmptoucally separated 1n and out states

bl (;t:nrg}: Ul Onc sce rﬂ_l::l‘_h uf al :FT w:th nurmul p‘m IL'lr.: 'I!E'.‘['L"L‘UII'\.;‘
* Probes: normal (SMD parucles . Searg FEL 2
- . = Piys. AT g LY
* (Couple normal particles (SNI) weaklv to a CFT

* [se scatterning of normal parucles to investugare CET etiecrs:

* \irrual etfects of CET on normal to normal scatrening
tor normal particle decav)

* Production ot CFT stutt. that s, normal to CFT scatrering

* Findings:

* Production: 1s as it the final state phase space 1s that ot a tracuonal
number ot parnicles. Hence “unparneles.”

¢ Momenrum dependence and angular distnibution of scatrering cross
sections 1s different trom normal
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® Weak coupling ot SM wo CFT:
® [nreracoon s only through irrelevant vperators (contormal invarance sate)

(M- > A

e L'V complenion: mediated by new heavy particles ("messengers™). mass M,

* Computabtlicv: CFT is Banks-Zaks IR fixed point, but perrurburtive
Lasvmprotically tree) in UV where it couples to SM

N

MusseNge . Mass

" ) 1 . - -
H = C(A]) 3 Opz( M- )Ogy = C (-\JWO@HM

My M

where d = dgz + dgxy — 4 e = Y= )
o

u—0Opz =70pz

ol 11
(-f') — ;1 B CI)BZ(;’!) Page 6/90
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o (_ontormal Field Theories (CFTs) do nor have a tradittonal S-marcrix

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

* (yeorgr can onc see cffects of 4 CFT wath normal particle detectors?
* Probes: normal (SN parucles

- . - i —*_”_-!f'_ sl ,__.
* (ouple normal particles (SN) weaklv o a CFT
* [se scartening of normal parucles to investgare CEFT etects:

® Virrual etfeces ot CET on normal to normal scattening
(or normal particle decav)

e Production ot CFT stutt. thar s, normal to CFT scattering

* Findings:

* Production: 1s as 1t the final state phase space 1s that ot a tractional
number of parucles. Hence “unpartcles.”

* Momentum dependence and angular distnibution of scattering cross
sections s different trom normal
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OrT < ( CFT ) > normaad
— / YaT " 7Y { \
wed  (T[O(2)O0)])
unparticle production by scatrering ot normal particles
( ) torward scattering amphtude
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Unitary Representations

The conditions tor unitary representations ot the contormal group
tollow trom unitaritv ot the S-matrnix from the Field Theorv

Cactually. trom the weaker condiion thar the imagimarv pare

ot the torward scattering amphitude be non-negative).

rOgram. 1n tour steps

® >-paunt (yreen’s tuncuons are determned (up to a constant) by contormal invariance
e (_ompute propagators. 1. Founer Transtorm of 2-point tunction

* [ 's¢ these propagators 1n torward scartering amplitude

® (Oprical thenrem: imaginarvy part of torward scartering amphitude 15 non-negative
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Step 1: Operator 2-point tfunctions in CFT

o onlv primarntes loperator that s aot the dervatve ot another operator)

Nonvamshing onlv it two operators have the same dimension.

I |
(27—‘—_)'.1 [_I,.LE}rf

Scalar propagator | \ C}( x) T(:.)[ Ul = (__':;

Fixed up to normalization bv scale invanance (Peincare alwavs assumed)

C_« I 4 NOMAlZAron CONsTant
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Step 1: Operator 2-point functions in CFT

Do onlv primaries loperator that s not the denvative of another operator)

Non-vamshing onlv it two operators have the same dimension.

| o _ | 1
() OD(0)) =Cg 5T
O(r)'O(0) 5 15 )2 (J__g)“f

(2

L.
—

Saar praopagator

“xed up to normalization bv scale invanance (Poincare alwavs assumed)

Py

(oo 18 2 NOrMalZaton Constiant.

QL) OL(0)) = Cy — 3

Vector propagator

‘_’ .-I"“l a-'f-'r.r

4=
innon. invariance under specul contormal transtormations

- :
M e PR | - i - "
Fixed by requinng. 1n add

where 1;4:* = fr';u-

T
(.= 1~ 4 normMmalizZarion conscant

PM——— =, oply for S=3

HE IS conserved ).
L= .'

“Note thar the diver=ence vanishes

e Rl Raa
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(Clearly anv higher tensor can be expressed in terms ot this. For example

swmmetric. traceless 2index tensor ]1 It lp.ig.ilﬂr

1 (I“,-\Ii.f'}fyg(l'] - %ﬂ;zuﬂha) =l Tl
[')-—- 2 {‘]‘3 )ﬂ'

—

(OD,(2)T Oy (0)) = Cr

[ts divergence vanishes (it 1s “conserved ) onlv tor d = 4

Asimubir construction for Spimors uses gamma matrices
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Step 2: 2-point functions in momentum
space, “unparticle propagators”

Start from strarghttorward integration in cuchidean space: .

I

(2712 (24 44-1T(d)

: Yo, g g ML
SCALAT: : f: JIJIL‘ }f

1 1 (2 —d) / dtk
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Step 2: 2-point functions in momentum
space, “unparticle propagators”

Start trom strarghttorward integration in cuclidean space:

2 . Li.
: L 1 _TE-d) f @ a0
SCALAT! - - = _ f | ]
(272 ()Y 14-L0(d) (273

Anabvocallv conuinue in o and take denvatives to ger ather 2-pone tuncuons (euchdean).
tor example:

.l_ _"_J;_j- — __:..J.';_,.i'p T Tf m— E |'I.' j = H.JI . I‘f.*I{ i Lk o :3| ”J 3= 3:' L.u 'I'.
VEStor T , = Ee——t A Gharr — -
1)~ | =4 3=10d 4+ 1) (277) dd—1 k-
l I bl Fl = Jt =l — T 0 L2 — i il K : [
teNsSOr = \ T i 3 M - — N ikeggeasgea | o o P
I ._‘-.- - i f-ll'- i -l-ll—i[' |1r_._j / 2_"* .JIII 4 ll[ fl L 'r"ll"" f el -“ .
‘ N, A LY -i.'1
- t — Wl — — 2 — Lipd =2 — — — = —
3 i L .f ! ( ik {2 12 o )
i | ""'.l * K K | I G DO ¢ 2
Pirsa: 08060034 = Lidl = 2} I s - - g 5 ) = N S1HT b

i I. Page 14/90
[ e



% i
Lr‘:LHT_-'[L' [’-r}klliﬂlur‘.h\h; I—lll‘l' |

Re k"

AN 2T ["ifl IFIJE_!:HI"-. . VeCcror

/.fm TREDTIOL2)0,(0)) OF = =iC(=k = ie)* 7 [P g — ———k,k
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Steps 3&4: Conditions on & trom optical theorem

=

Strutegy: Probe the (CF 1 with external particles (sources)

Require thar optzcal theorem holds tor toral cross section of external particles

Im « s > (0
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Steps 3&4: Conditions on & trom optical theorem

— . : . . .
Strategy: Probe the CFT wirh external parricles (sources)
Require thar oprical thearem holds tor toral cross section ot external particles

Im « s >0

1. Scalar aperator

[nreraction with source 7 L= gyO+ h.c

amplitude tollows from propagator tn Minkowski space

:F-!—rf' L =

Csnyg={d — 1)
————— (k= =) = g = e
JAd—=1T( o) . S

o L o . 254 1.0 f g2 e AN
A =ug"Cxzsy P )2 VISR VB LR Y AT)

= (s(d—1) >0
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2 ) _lehi — £ &

O >0 vhere Q=4 d
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2. A bit more interesung . vectors.  Take £ 2 gy, OF =he

Amplitude ollow s rrom propagator in Minkowski space

QRO (A ) (k=)E2

g7 Cy(d — 1)~ - 2Ad -2 iy S
[m-‘lz_u.'ri .y _J - J ‘r 2 ) 11

gy YN T a=1 &2

In the CA-trame. this 15 positve 1t

(,_'1_‘ . 4[1 I’.l . 3 ‘2 5 n
d |V Ta-1 | =

Aegain we can show (0 >0 Sowehaved =2 Oand (JZ-3) (d-1) = 0.

Bur J < 1 15 excluded. The amphicude (not just torward) must exast for arbierary (hut nice)
inout wave-functions. Hence. require

/rf’gﬁ.*ﬁlli - R ) D ks (k) < x

¥

. Sl 0L F .
The most dangerous term 1n the propagator 1s (A} (Kuky k7)) eivingd =2 2. Hence

=
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2. A bit more nteresung . vectors.  Take £ 2 gy, O + e

Amplitude rollow s rrom propagator in Minkow ski space

7 C{d — 1)* . 2d -2 | & e e Bl 5
. - AW S 72 ST S =
=il L 7 b

[m-'lfwli _—

In the CA - trame. thas 1s posiuve 1t

Cv bk B =0
d |V g ] =

Again wecan show (>0, Sowehaved =2 Gand (4 -3 (4d-1) = 0.

But J= | v excluded. The amphrude (not just torward) must exast tor arbierary (hur nice)
i out wave-tunctions. Hence. require

/if";ﬂ‘\"ljli -K) Dy tk) y3 k) < 2¢

: 2qd-2es. 4. b
The most dangerous term 1n the propagator s (K717 “(k k, k%) siving d 2 2 Hence

SE 2
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Small Representations

Saturate the bound. Ditferent behavior depending on whether 7 ==t or 772 =0

Forscalars (7 - =00 ) ar d = 1. note chat

f'-...".'_-f,"""rf'—- 1}
I d)

b

Ay = WP AR VR 2 — Comg®  2OENSES) as o — 1

-l )
od=1 ¢ OITOSPH ?ﬂlL\ O A I-I"L'L‘ I‘I'l.thlL‘*--; i ._IJ.._L[' IiL‘llI_
® m =0 tdelra. not theta)
e scalar descendent has zero norm: 0 = ()
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Small Representations

Saturate the bound. Diferent behavior depending on whether 7 2=t or 772 =0

For scalars (7 7- =0 ) ae = 1. note chat

C ".'_-_J"‘- o — 1)

I—LL]--"!'-{-J = I-l-f Lriff".

PRGN AS 2 — Cemg™ § “ORIMES) asd— 1

® /=1 corresponds to a tree massless scalar neld
® m =) tdelta. not theta)
® scalar descendent has zero norm: 9= = ()

Forvectors { 7 y-=11) avd = 3. limut 1s smooth. but tensor becomes transverse:

11— =
L' i g =
Jjn “, 1

k;: ;".-: —ier) |‘A-_J-"‘JH+" il '1’.!" '{'.”t

! é
—} —;L" — 1E1

il )

o J=3¢ nrrt:e-.pnmls tor a2 conserved current (we already knew)
® 7 - ) itheta. not delta

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

¢ =10 primartes. d — jy + jo + 1
e rensor i independent of . except ror overall ractor
e overall factor vamshes i hinut enving delwa function
B(k=)

llu,Af“—.;i X Fi’-}—l =3 l‘ilkl_l as e=d— ()i +=ja=1)—0
(A=}t

® 1'% i Iree neld rsecond descendent vanishes)

[ ] S
k=o(k=) =0 =  J°0,; ,, =0
® fory =t ar y: =14 arstdescendent has zero norm (follows frrom A-= )

90" =0
LJ1.93)

¢/ =) primaries. d — jy — jo+ 2
® [imit 1s smooth. keep theta tuncuon
* rensor depends on J. becomes transverse in limit
® ;¢ some nrst descendants have zero norm

. O =)
H L yy-g=)

Ladiiond cxamples UWRan regues:
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Comments on Unparticles
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Simplest observations

In the unparucle hirerature

L]

® iriscustomary to st onlv 1 < d <2
* integral dimensions are avoided

e all nelds are studies in 1 < o < 2 regardless ot spin

As vou kaoow

® There 1s no upper bound on &
* Nothing spec:al at inregral J (but some subtleues, see bellow)

* Lower bound depends ont ;7 /=)
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Scale but not contormal: way out?

* No known examples of 3d umitary QFTS thart are scale imnvarant but not
contormal mvarnant

* Easv to construct examples ot 3d non-unitary scale invariant but not
contormal invanane theones.

* [n 2d Polchinsks has proved scale invarnce - unitarity implies CFT

* Rmnvaand Cardv's counterexample 1s non-unitary

* ['sing onlv scale imvaniance. convergence ot the amphitudes give, generally

!!’2‘}_['4'*}3-4-1

CContormal invanance tightens this tor the case /) 72 = 0, and requires inhnite
towers of states and. when J saturates the bound. puts conditions on first
descendants
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Contact Terms I:
Irivial but most dangerous

completion of weak SMACEFT coupling through messenger

Leg 2 Dyl M)

VE <1

le — ..J Cj’u

\ o I 5
SA (. +T
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Contact Terms I:
Irivial but most dangerous

UV completion ot weak SM-CFT coupling through messenger

" l

] _—
= - ‘1 I..t

Ql = .ju‘:}“

f

SM o

| § k |
T e T L
Lhen dmost.
T T 1 ] =
LAy oncdah e

L]

o 1 | A -
Lo D_H_Ur"_ur—’. < D-_.e-lh-u_”r{h,f_ Y it Qs = Jud’
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For an exclusive process.eg. €0 — ¢6. Or ¢€ — L

( ] vy . .
1 1 _E'J
M “rr: AL
o \ 2 LI S
'—l-- e = D- E E = =
pnparticl . ! ( ( ) E=CM cnergy
-“1_' T act ‘[}2 \ i, Ir* ; : jL."
And the contact interactions dre alreadvy tightly constramned:
2
. g = )
Ly = T - 4 , ARATAZ ¥ 3 (ALSEe Conarotaen
- i1 40 I_Y'-} Z W Iae IfJ ] fj' IRl FAE -0 1': ek T : I
sa=LR

where ¢= 17 1= taken to be | by convention, o =
imteraction tvpes, A s the scale of the contact imteractions., «,
Pirsa: 08060034

Lith tor f =« f =€l 1y = £1 or 0 tor diferent

anud _-|'r_ are lelt or ruchit-handed spinors.
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e —
] e
. s
== e
e  Ee—
- j - | o — 1’
= L —
= _-
E-— |
I = L -
: . I |
=

Page 83/90

Pirsa: 08060034



Contact Terms I1:
more subtle, still dangerous, unavoidable

. } - " F i i
_]_ Yege — .-_,.J'_.JJ.';- N f! == _]_I["! l — Ii! / I‘!lgn' P R A-‘ 'i'f 2 ll Li - 3!' r“‘l“ rII'||-
VeCtor - : — = , z ¢ LA YW —
P=y= [ r=§* -0 d = 1) (2o )t S d—1 k-
For 4 = ineeger on RIS Take. eg. o — 3
- pole 1 1d - 31 muluplies local term (concentrated at x =11 - counterterm

- limur of rese gves a non-local propagator

l G — 2, (27 1 s k-2 , ;
| 25— - [a2)) = _15 / T (‘I' Ypw — 'g.';jj'ji ) In{ A=)

L2 II_

- need to introduce a scale in log, but contormal invarance OK since logl 7 ) gives
contact term fexactly ke infinite pole): renormalization

- contact term required to get RGE-invariance (ze. w-independent resules)

- exactly as expecred from free feld theory with Q¥ = L~#y P ™
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( _Oounrerterm

The

s are needed even tor non-integral o
ey ure reguirad tor RGE moariant amplitudes’

™

For example, tor €€ — [t

: : DRI e o
r— Ox(0) = =) 0}y, (0)

| iy

s RGE invananrt provided

@ el
(_'11;1:':(_:.%) ChubNg-)

- \ 11l )
. ‘lli-'.t'b 1 [T \
('J{;H:(*;[,\('}'—!—i (;—) = b{ £607)
“11(g-) Nes
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Non-transverse propagators

Consider vector unparticles (tor detiniteness, but tensors. cte. are simular)
(Compare transverse propagator vs CET'S propagaror, same scaling dimension

Is there a physical disuncuon?
Not tor SM=conserved current.

Yes tor non-conserved current

.-'\ iz
B sl I : = =0 S _\HOYH :
Example: ¢t — g + Plgs = it 4 (1 —=1t0 L
il -
~ - = d= 3231 3.6.3.5. LI
. Az =) —
= g - =10
[ ix :
=
___*i_*_____il___f’f"_ﬁ___i}_ﬂ __1
2 Page 86/90
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Summary
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* L nirarv representanions ot the contormal group:
* Poacare content of umtary representations of the Contormal Group can
be understood simply from unitarity of S*matrix
* Analvsis vields addivional insighes:
® rensor structure of propagarors

® renormatization

* Unparucles

¢ Lower bounds on 4. in parucular ¢ 2 3 (4) tor vectors (tensors) greatly
suppress cttects

* Neither vector nor tensor propagators are transverse: onlv when the
unitarity bound on the dimension 1s saturated does the operator satistv
conservantan laws (or tree tield equanions ot moeuon tor ). =0)

* [ltra-heavy partcle exchange necessarily mtroduces SM contact
interactions. which generally dominare over other unparticle interterence
effects.

* (CFT exchange induces additional SM contact interactions (which cure the
apparent problems with integer dimensions)
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| * [nitarv representations of the contormal group:
$ L i :

be understood siumply trom unitariey of S-matnx
* Analvsis vields additional insights:
® ensor structure of propagators

* renormalization

- i
! * [ npartcles
23 _i| '
:' * Lower bounds on &, in partucular 4 2 3 (4} tor vectors (tensors)
| _ .
- 1 suppress ctects
— | =
: ¢ Nether vector nor tensor propagators are rransverse: only whe
| B .
- unitarity bound on the dimension 1s saturated does the operat
s i . . :
conservanton laws lor tree held €uations aof motaon tor ) )=
- ¢ [ lrra-heavy particle exchange necessanly introduces SM cont:
| interactions. which generallv domuinare over other unparticle ©
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