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Introduction

Georgt’s notion of unparticle stutt (PRL, 98 (2007) 221601)
is based on
(1) Existence of a hidden sector (e.g. Banks-Zaks theory) at a high
energy scale M but flows to an infrared fixed point at a low energy
scale Ay through dimensional transmutation ----

Unparticle stutf emerges below Ay
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(2) Effective field theories to describe SM particles
couplings with unparticle stutt
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Unparticle operator Oy emerges that scales with non-integral scaling dimension d;

r— \x ; Op(Ax) = A" YOy (z)




Unparticle Phase Space (Georgt, PRL, 98 (2007) 221601)

e N massless particle phase space: (p; +pa + -+ + p,)? = 52

5/2 1
dLIPS, = A, s" 2. A, = 167/ Fn+3)
’ (2m)27 T'(n — 1)I'(2n)

e By scale invariance
®(Pg) = Aab(Py)0(Py)(Pg)"

o Identifiesd —n ; Ay — A,
e Unparticle resembles a collection of d (non-integral) massless particles
e Unparticle stuff has continuous mass distribution — Infraparticles in QFT

(Schroer, 1963, 2008)




Unparticle propagator
[Georgi, PLB650, 275 (2007); Cheung, Keung and TCY, PRL 99, 051803 (2007).]

e Spin O:
Ay 1

sin(dr) (—P2 — i0+)2-d

Ay (P)
e Spin 1:

PHrPY

53 (Transverse)

AY(P) =TV(P)A(P) 5 TI(P) = g +
e Spin 2:

1 2

AMP7(P) = S |TI*(P)II*7 (P) + I (P)I?(P) — ST (P)II*? (P) | Ay (P)

e For non-integral d and time-like P?, there is a CP-conserving phase exp(—idm)
in the propagator.

Fermionic unparticle propagator:
See L.uo and Zhu, P1.B659, 341 (2008); Liao, 0804.0752;
Basu, Choudhury and Mani, 0803.4110]

F(d)

Sy (P) = (—P? = i0%) D — tan(dm) (- P? = i0) "2 p| ; F(d) =




Contformal unparticle propagators
|Grinstein, Intriligator and Rothstein, PLB 662 (2008) 367]
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o [I*¥ II*¥P9 no longer transverse!
e Unitarity constraints |[Nakayama, PRD 76 (2007) 105009; Mack, CMP55
(1977) 1]:

d > 3 (spin 1) . . . .

d > 4 (spin 2) d>2+ 71+ j2 for j1 #0 and jo # 0

e However, they produce same results in vy — vv, gg — 99, q1q2 — q3q4.




Ettective Field Theory according to Georgt’s scheme

e (Non-)Renormalizable operators
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e Super-renormalizable operator [Fox, Rajaraman and Shirman, PRD76 (2007)
075004]

, 1
Spin O : )\HAd_ZHTHO

breaks scale invariant when Higgs gets VEV.
e Ungravity [Goldberg and Nath, PRL 100, 031803 (2008)]

. 1 y
Spin 2 1 K. = VITH O,

U

Scale invariant power law correction to Newton’s law at submillimeter - (R /r)??~1




Indirect Interference Effects

Virtual Unphysics — Indirect search of unparticle

e Interference effects - SM amplitudes versus unparticle’s

e Hadron Colliders:
Drell-Yan process, diphoton production, tt production, WW

scatterings, dijets production, etc

e [inear Colliders:

popt
Y, YL, W_W+,ZZ,...

7Y




Drell-Yan at Tevatron

Sensitive dependence on d via the phase factor!

e Fractional difference from the SM prediction of the Drell-Yan invarianto'

mass spectrum near the Z pole for various dys at the Tevatron in units
of A?. We have chosen Ay = 1 TeV.

e Interference between U/ and v and Z progagators

difference ()f)

Fractional

e Drell-Yan at Tevatron: SM + Spin 1 Unparticle Interference

0.01

d®o/dMy dy Iy, (Pb/GeV)

90 100 110 120 130
M, (GeV)

The Drell-Yan Process

i
Z*

001195 T.1.

[Cheung et al, PRL99, 051803 (2007)]




Drell-Yan at LHC
[Mathews and Ravindran, PL.LB657, 198 (2007)]
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Diphoton production at LHC
[Kumar, Mathews, Ravindran and Tripathi, PRD77, 055013 (2008)]

Pi(p1) + Py(py) — v(p3) + v(ps) + X(px),

DiPhoton UP DiPhoton UP

FIG. 3 (color online). Invariant mass distribution plotted for different values of dq; for spin-0 (left) and spin-2 (right) with A, =
1 TeV and A, A, = 0.9, with an angular cut on the photons |cosf, | <0.8.




Diphoton production at ILLC  [Cheung etal, (2007)]

e ¢ et — ~vy: SM + Spin 2 Unparticle Interference
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e Spin 2 unparticle effects look like KK gravitons in LED

e Sensitive dependence on scaling dimension dy
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Dilepton production at L.

L 4

P2

|[Cheung et al, (2007)]

Angular distribution of e e* — pu~ ™t at LEP2 (Spin 1)

| Vs=200GeV,e"e —u" W

| LL+RR

(pb)

do/dcoso

do/dcost  (pb)

Vs =200GeV,e"e = u"uw

e Left Panel = LL + RR; Right Panel = LR + RL; Ayy =1 TeV

e Virtual unphysics is discernible in angular distribution!




Dilepton production at IILC  [Cheung et al, (2007)]

e ¢ et — u pu at ILC: SM + Spin 2 Unparticle Interference
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Unparticle physics at photon collider

[Cakir and Ozansoy, 0712.3812;

Kikuchi, Okada and Takeuchi, PRD77,094012 (2008);
Chang, Cheung,and TCY, 0801.2843, to appear PLB]

e vy — v using laser back-scattering or bremsstrahlung at ILC

e SM (box) versus tree level spin 0 or 2 unparticle exchange
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Direct production of unparticle stuff

Phenomenology -- Real emission of unparticle in SM processes.

Signature -- Missing energy/momentum carried away by unparticle. Search
strategies 1s therefore very much like KK modes in LED. No fixed mass, no rest frame,
just a funny phase space associated with continuous mass distribution.

SM Unparticle

(Missing energy/momentum)
Like KK modes in LED

e

SM

7 — ffU

e Single photon: Quarkonia — YU; H — ~yU; Z — ~U; e" et — U, ZU; etc
e Monojet: q¢ — gU, g9 — gU, q9 — qU, g9 — qU

e ctc




Single photon plus vector unparticle at ILC (/s = 1 TeV)
ec et — U
¢ Mvgecoz'l — 85— QEW\/g
e SM background: e~ et — vZ* — yvv (Red)
e Sensitive dependence on dy; is easily discerned!
Cheung, Keung and TCY, PRD76 (2007) 055003;
Chen and He, PRD76 (2007) 091702(R).
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Similar effects found for spin 2 unparticle and in Z+U!




Monojet + (Scalar/Vector) Unparticle Production at LHC
(Cheung, Keung and TCY, PRL 99 (2007) 051803)

g9 — gU,q9 — qU,q9 — qU,qq — gU

dy=1.001 — —

LHC Monojet signal
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Peculiar dependence on diy has been washed out by parton smearing




Identification of origin of monojet at LHC

Using the shape and Et distribution
(Rizzo, 0805.0281 [hep-phl)
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Figure 6: Sample comparison of the predictions for the monojet Ep and E$* distributions in
the ADD model with Mp = 4 TeV and § = 2 (upper red histogram) with the case of vector
Blue histogram) and scalar unparticles (with either 7 = 0,1 in the green and magenta histograms,
respectively) assuming d = 1.8, corresponding to the. Also shown is the SM background (black
histogram).




Existing Constraints

(1) Monophoton emission at LEP2 [Cheung et al, (2007)]

LA |

 lcos 6,1<0.97

dy=2 ——
 dy=18

Ay (TeV)

Strongest limit from L3 at /s = 207 GeV

LEP2 constraints on Az, from single photon production:

dy Ay (TeV)
2.0 1.35
1.8 4

1.6 23

1.4

0?° ~ 0.2 pb with E, > 5 GeV and | cos0.,| < 0.97




(IT) From global fits of eeqq contact interactions at LEP2

AAAAAY

(a) (b)

e New 4-fermion contact interaction with spin 1 and 2 unparticle

exchange

o~ dyy—2
M= ay : ( Pu) (foyufi) (far" f3)

Y 2sin(dym) A2\ A2

o Ady, 1 (p1 —p2)?\ ™72 . N .
Mt (PR () (e

1

X Z [(p1 “1‘]92) : (p3 +p4)gw/ + (pl +p2)V<p3 ‘|‘p4)u]

e Conformal propagators gives the same results! [Chang, Cheung, TCY (un-
published)




LEP2 constraint on unparticle scale Ay, (contact interaction)

LEP2 data: (95% C.L.)
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(III) Muon Anomalous Magnetic Moment (g-2)

(ggz)u (QED)
d—1

)\% Ad ”L,l%
— B3 —d,2d -1 ticl
372 sin(dr) \ AZ, (3—d2d=1) (unparticle)
Cheung et al (2007)

Muon Anomaly versus dy

A1=1
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1.x10 « Aau(exp)—Aau(SM)f)

1.)(10_10 3 w
=Y

3 1.x107"2

1.)(10_14

1.x10%, Ay =1TeV

. . . 12
For anti-symmetric rank 2 tensor unparticle operator
contribution to (g-2), see Hur, Ko and Wu, PRD70,

096008 (2007)




(IV) Astrophysical and cosmology constraints
(5th force, Stellar Cooling, SN1877A, BBN, relic density, ...)

[Davoudiasl, PRL 99 (2007), 141301; Freitas and Wyler, JHEP 12 (2007) 033;
Hannestad, Raffelt and Wong, PRD76, 121701 (2007);

Goldberg and Nath, PRL 100, 031803 (2008);

Deshpande, Hsu and Jiang, PLB659 (2008) 888;

McDonald, 0709.2350, 0805.1888; Lewis, 0710.4147; Das, PRD76, 123012 (2007);
Hur and Ko, unpublished; Cheung et al, unpublished.]

Star Cooling Mechanism

Energy loss rate

1 °

lerg.-g
éRed Giant 100 erg - g_

: 19 _
¢ e.N : ESN1987A 107" erg - g

Figure 2: Feynman diagrams for unparticle emission in (a) Compton-like processes, (b)
bremsstrahlung-like processes and (c¢) processes with unparticle-photon couplings.




Constraints from energy loss rate from the Sun and Red Giant

Electron Un-Compton (Spin 1) (Solar)
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e Constraints from Red Giant are stronger than the Sun

|Cheung et al, unpublished]
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Constraints from energy loss rate from SN1987A (Ay = 1 TeV)

Enerﬂ% Loss Ratio (e*e™ - Spin 1 or 2 Unparticle) (SN1987A) En%%y Loss Ratio (y y - Spin 0 or 2 Unparticle) (SN1987A)

10 [Cheung et al, unpublished]

€ (Unparticle) / € (SN1987A)
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e Constraints on e" e~ — U are more severe than vy — U.

Loy = —fﬁFwFWO - 43\% PTR F O
4 4

[Freitas and Wyler, JHEP 12 (2007) 033]

Coupling

dy

Energy loss from stars
SN 1987A




(V) Eftects of broken scale invariance

[Fox, Rajaraman, Shirman, PRD76 (2007) 075004,
Bander, Feng, Rajaraman, Shirman, PRD76 (2007) 115002]

Model broken scale invariance -- put in by hand a mass gap in the unparticle spectral density
2\ __ 2 2 2 2\d—2
p(M=) = Agf(M= — p=) (M= — p~)

Unparticle propagator is moditied as

Ap(P?) = 241 (p2 2yt

~ 2sin(dn)

This leads to u-like resonance phenomena (un-resonance)!
Rizzo, JHEP 0710 (2007) 044]

Moreover, many stringent constraints on the unparticle sector can be relaxed.
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Fig. 4. FBA and Ry for ete™ — put ™ with d = 1.1. Solid green curves: SM; dashed blue curves: unparticles with & = 0, dotted red curves: unparticles with
u =30 GeV. (cy, 4 = 0.026 correspond to the mono-photon bound of Section 2.) (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this Letter.)

[Barger, Gao, Keung, Martatia, Senoguz, PLLB661 (2008) 276]




Summary

(1) Unparticle phenomenology at colliders are quite
peculiar and rich due to the non-integral scaling
dimensions of the scalar, vector, tensor (symmetric and
antisymmetric), spinor unparticle operators.

(2) Due to parton smearing, these peculiar effects are
more challenging to detect at hadron colliders.

(3) Assuming exact scale invariance at very low energy,
constraints for the ettective couplings ot the unparticle
sector are more stringent from astrophysics than from
colliders, especially for small scaling dimension close to
unity.

(4) However, it scale invariance 1s broken at a lower scale,
say below Z mass, many existing constraints can be
evaded or relaxed, and un-resonance might occurs.

(5) Many theoretical questions regarding the hidden
unparticle sector remain open.
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Unparticles with SM quantum numbers?

|Cacciapaglia, Marandella and Terning, JHEP 0801:070,2008;
Litch, 0801.0892, 0801.1148,0802.4310,0805.3849;
Galloway, Martin and Stancato, 0802.0313; Liao, 0804.4033.]

O(x): A multiplet of scalar unparticles

/d4xd4yOT(CI:)Ao($ —y)Wi(x,y)

Pesp [_@-gw / AZ(z)dzM] O(y)

e Non-local action
e Infinite numbers of vertices and complicated Feynman rules
e Path-dependence!




Rare decay mode of intermediate mass Higgs:
H — ~ + spin 1 U [K. Cheung, C.S. Li and TCY, PRD 77, 097701 (2008)]
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e Emitted photon has continuous energy spectrum!
Unlike in the discovery mode H — ~v, Ey = mp /2.




Volume emissivity () [Energy loss per unit volume]

Volume emissivity

Energy Loss Rate € =

Mass density
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