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Interactions of unparticles with standard model particles
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We study interactions of unparticles ‘U of dimension dq; due to Georgi with standard model (SM) fields
through effective operators. The unparticles describe the low energy physics of a nontrivial scale invariant
sector. Since unparticles come from beyond the SM physics, it is plausible that they transform as a singlet
under the SM gauge group. This helps tremendously in limiting possible interactions. We analyze
interactions of scalar ‘U, vector ‘U#, and spinor U* unparticles with SM fields and derivatives up to
dimension four. Using these operators, we discuss different features of producing unparticles at an e* e
collider and other phenomenologies. It is possible to distinguish different unparticles produced at an e* e~

collider by looking at various distributions of production cross sections.
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In a scale invariant theory in four space-time dimen-
sions, there are no particles with a nonzero mass. In our
real world, there are plenty of particles with nonzero
masses. If scale invariance plays a role in nature, it must
have been broken at some high energy scale beyond the
standard model (SM) scale. Recently Georgi proposed an
interesting idea to describe a possible scale invariant effect
at low energies, termed unparticle [1]. Based on a specific
model scale invariant theory by Banks and Zaks (BZ) [2],
Georgi argued that operators Oz made of BZ fields may
interact with operators Ogy; made of SM fields at some
high energy scale by exchange particles with large masses,
My, with the generic form OgyOg, /M I'(u At another scale
Aq, the BZ sector induces dimensional transmutation;
below that scale the BZ operator Op; matches onto the
unparticle operator O with dimension dq;, and the un-
particle interaction with SM particles at low energy has the
form /\AAZdSM*du OsmOqy. Here dgy is the dimension of
the operator Ogy;.

An unparticle looks like a nonintegral d¢; dimension
invisible particle. Depending on the nature of the original
operator Opy and the transmutation, the resulting unpar-
ticles may have different Lorentz structure. We will indi-
cate an unparticle that acts like a Lorentz scalar as O, a
vector as 0%, and a spinor as Oy

For detailed studies, one also needs to know how an
unparticle interacts with SM particles. Recent studies have
focused on several low dimension operators [1,3-16]. The
unparticle interactions with the SM particles are through
exchange of some other heavy particles of mass M.
Therefore the form of the interaction is basically deter-
mined by the nature of the heavy particle. If it is an SM
singlet, the unparticle O, resulting from the transmutation
should also transform under the SM gauge group as a
singlet. One cannot rule out other possibilities. There are
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many ways that the SM fields can couple to an unparticle.
If the unparticle is an SM singlet, the possibilities are
limited since the SM fields have to form an SM singlet
first. In this work we concentrate on possible interactions
of unparticles with the SM particles assuming that unpar-
ticles transform as SM singlets, and study some
implications.

In the following we list operators composed of SM fields
and derivatives with dimensions less than or equal to 4
invariant under the SM gauge group.

Scalar O, couplings:

(a) Couplings with gauge bosons

A A UGH G L, 00, A AU WEYW,, 00,
Ao A UBRY B, 0, A AU GHG,,0q,
Ao AL WE W, 00, XAy “B* B, 0q,

(b) Coupling with Higgs and Gauge bosons

A3 M HTHO,
Ay (HTD,H)o" 04,
A A (HYH)? 0,

Aan A (D, H)H(D*H) Oy,

(c) Couplings with fermions and gauge bosons
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/\QQA';JduQL')’,uD'uQLO’U:
Ay Ay Ugy, D UrOv,
App Ay Dy, D* DOy,
AL A MLy, DFLL Ox,
)\EEA;lduER'y#DMERO’U;
)\wAﬂdu VRYD¥vrOq,
XQQALC!UQL')’MQLB#O’U,
XUUAﬁdUURY,LURG”Ou,
App Ay “DryDrd* O,
A A MLy, L 0" O,
XAy Ery L Egd Oy,
Arr Ay PRy, vR0* Oy

AYRA'IIIdu vevROq,
(d) Couplings with fermions and Higgs boson

AyuAy MO HUR O,
/\YVA;ld’u[zLHVRO’u,

AypAg{"QLHDRO,
/\YEA;lduELFIER Ofu

Vector 0%, couplings:
(a) Couplings with fermions

)\IQQAlu_du 01Y.0.0Y%,,
Ay Ay Ory, UgOY,
)‘/DDA'llIduDR'V,u,DR 0%
)‘/LLAqudUI:L YuL 0%
A;EEAIIIduER'Y,u,ER 0%
Mg ™ PRY w VRO
(b) Couplings with Higgs boson and Gauge bosons
NN “HTD,H)OY, A AL "B,,0"0".
Spinor O, couplings:
A A 08,  AAYENELHOS,

Here G, W, and B are the SU(3)¢, SU(2);, and U(1)y
gauge fields, respectively. Q;, Ug, Dg, L;, Eg are the SM
left-handed quark doublet, right-handed up quark, right-
handed down quark, left-handed lepton doublet, and right-
handed charged lepton, respectively. In the above we also
included the right-handed neutrino vz which might be
needed from neutrino oscillation data.

The scalar ‘U unparticle has the largest number of
operators. In this class of interactions, the lowest SM
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dimension operators is the coupling of U to two Higgs
fields, Ht HO ;. The second lowest operator involves two
right-handed neutrinos, 7$v;04;. The rest have the same
dimensions with the SM fields and derivatives forming
dimension four operators.

The operator HT HO; with alow dimension A%u_d“ may
have the best chance to show up at low energies. An effect
is that when the Higgs field develops a nonzero vacuum
expectation value (VEV) (H) = v/+/2 as required by
gauge symmetry breaking and generation of SM particle
masses, there is a tadpole coupling )\hhA%u_d“ v?/2 of un-
particle to VEV which introduces a scale to the unparticle
sector. This interaction will cause the unparticle sector to
be pushed away from its scale invariant fixed point and the
theory become nonscale invariant at some low scale.
Below that the unparticle sector presumably becomes a
traditional particle sector [13]. We note that this may not be
necessarily true if one also includes the other operator
(H'H)?>0q. This term also has a tadpole coupling of
unparticle to VEV. It is given by /\4hA{[l“. If Ay A%, +
Ay v?/2 = 0, the tadpole will be removed. One then has

A AT P HYHOy + Ay A (HTH)? 04

= %/\4;[/\;1‘1“ (h* + 4vh® + 50202 + 203h) 04 (1)
Here, we have removed the would-be Goldstone boson in
the Higgs field, and % is the physical Higgs field. The
operators above will induce mixing between /4 and the
scalar unparticle. We should note that the cancellation
mechanism discussed above is by assumption. We are not
able to find a symmetry to guarantee it, and it may not be
stable. Another possibility is that these couplings cannot be
generated such that the unparticle physics effect can still
show up at low energies. More studies are needed.

The operator 7$v; 04, involves a right-handed neutrino
vp interaction with an unparticle. If v is heavy, there is no
observable effect. If vy turns out to be a light sterile
neutrino, one may see some effects in neutrino decays; a
heavier vz may decay into a lighter vz and Ov;.

There are six operators involving O, and gauge parti-
cles. The interactions with gluon fields can produce O, at
hadron colliders through gg — ¢U, gg — g'U, and gg —
g‘U. The operators with W and B can produce U at a
photon collider through vy — U, ve — y‘U, and also an
interesting signature in WW scattering [14].

The operators in class (c) have rich phenomenology.
Several of the operators have been studied in flavor chang-
ing decay of a heavy fermion to a light fermion plus an
unparticle such as ¢t — u(c) + U, meson and antimeson
mixing, and other flavor changing decays. These operators
can also produce ‘U at hadron and e e~ colliders.

The operators in class (d) involve an unparticle with SM
Yukawa terms [13]. These will open new decay channels
for the Higgs and the top quark with an unparticle in the
final state. They can also induce e e~ (¢gG) — h'U.
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FIG. 1 (color online). The Feynman diagrams for U and ‘U* productions through e e~ — (Z) + U™, For U* production, only

diagrams (c) and (d) contribute.

There are less operators involving the vector ‘U* and an
SM particle. The class (a) operators are the most studied
ones. Similar to class (c) operators for scalar unparticle
couplings, they can induce r— u(c) + U, meson and
antimeson mixing, and can also produce U at hadron
and e*e” colliders. The first operator in class (b) can
induce A and unparticle mixing, and the second operator
can induce B and unparticle mixing.

The unparticle may have spinor structure under the
Lorentz group [5]. There are only two operators for spinor
unparticle and SM particle interactions. The operator
vgrO%, has the lowest dimension in the whole list. This
operator will mix the unparticle with a right-handed neu-
trino. Deviations of the neutrino oscillation pattern may be
the best place for looking for unparticle effects. The op-
erator L; H 0%, can induce mixing between a left-handed
neutrino and an unparticle. Again this will affect neutrino
mixing and also cause the mixing matrix to be not the usual
3 X 3 unitary matrix for three left-handed neutrinos. This
operator will cause the Higgs to decay into a neutrino and
an unparticle.

There is a lot of interesting phenomenology which can
be carried out using the above listed interactions. Besides
the production of unparticles, there are also virtual effects
of unparticles [1,3—16]. In the rest of the paper we con-
centrate on the possibility of distinguishing whether an O,
or an 0% is produced through e*e™ collisions through
ete” — y(2) + U, y(2) + U*.

The Feynman diagrams for the above processes are
shown in Fig. 1. For ‘U production, the operators

/\bbBMVB;U/O’U’ /\WWWMVW,LLVOU’ XWWWMVW,U,VOIU’
Ay B*'B ur O contribute through the s-channel, and the
operators A;;L;y,D*L;Oqy and AggEgy, D*EROy
contribute through u, ¢-channels. The operators
Lyy,Lp 0*Oq and Egy, Egrd*Oq do not contribute.
For ‘U* production, the operators A}, L;y L 0’{1 and
NepE R'yMERO’,& contribute through u, #-channels.

Carrying out the phase integral for the unparticle, we
find that for e™(p;)e (p,) — y(p3) + UMW (Py), the
cross section is given by

do 1 - E,A, (P7)Mu?

27 _ 1
dE, 2s| | 1673

dQ, )
where |/M|? is the initial spin averaged matrix element
squared. () is the photon solid angle.

In the above, we have followed Ref. [I] using
Au,0(p%)0(p%)(p5)%u=? for the bosonic unparticle
phase space factor, with A, = (167°/2/(2m)2W)[(d; +
1/2)/(T(dy — DI'2d)).

For the processes e*e™ — Z + U™, the cross section
is given by

d 1 B E2 _ mZA (P2 )dru—2
LT mp Y T g0, 3)

dE, 2s 1673

Here () is the Z solid angle.
The matrix elements squared for different operators are
given by

_ _ e2s(u? + 1 _ _ s>+ o -
Mt e =y W = D ), P e =W = D AR K
u u
- e2s[(t — m2)? + (u — m%)? + 2sm>
PP (ere — 7y = STl Wz mg) £ 2l
AU
- es[(t — m2)? + (u—m3)> — 2sm3] . -
Pt e — 7y = S LGl Z2 )
u
- 262(A\%, + A%,) s - (N + M2 u? + 12 + 2sP?
2 - _ LL EE) S 2t — ©) — LL EE U
[M[*(eTe™ — yU) TAZ)E AZ |IM|*(eTe™ — yUH) (A2 p” ,

I M|2(ete” — ZU) =

2g2 (A2, (L — sin20,)% + A2sin*0,) (5 T 50)

4

cos’d,, (AF)du™!

M| (ete” — ZUH) = g

2 ’
AU

2 (ARG —sin?6,)* + AZgsin*6,,) (u? + 2 + 2s(P%, + m3) — P mZ(“ + 1)

cos?d,, (A%))du!

ut
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where

(Aypsin?8,, + Appcos26,,)?
f()tww’ )‘bb) = 2 s
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(Aww - Abb)zz[(% - Sin20w)2 + Sil’l40W]

N

(s —m2)?

+ (/\WWSinzgw + /\bbcoszew)()‘ww B )‘bb)(l - 4Sin20w)

s(s — m2)

(Ayyw — App)?sin?26,, N (A cOtO,, + Ay, tand,,)*[(§ — sin6,,) + sin*6,, ]

&)

g(/\ww’ /‘bh) = s2

+

2(s — m2)?

()tww - /\bb)()twwcoszew + AbbSinzew)(l - 4Sin20w)

s(s —m2)

We now study the possibility of distinguishing U and
‘U* productions. The photon and Z boson angular and
energy distributions are plotted taking d¢; = 1.5 and /s =
200 GeV, in Fig. 2, relevant for CERN LEP II data, and
also 500 GeV, in Fig. 3, relevant for ILC for illustration. In
both Figs. 2 and 3, we plot the distributions with different
couplings setting others to zero. Since the electron mass is
small, the cross section diverges at cos@ = *1 for U
production due to u and ¢ appearing in the denominators if
electron mass is neglected, but finite for U production.
This provides a clear way to distinguish U and U*
production as can be seen from Figs. 2 and 3. The energy
distributions can also provide useful information which
can be seen from Figs. 2 and 3. For this case we made a
cut with | cos6,, 21 < 0.97 to avoid the divergence for U*
production at | cosé,, ;| = 1.

The above discussion shows that the study of various
distributions may be able to provide information about the
type of unparticles at ILC if a large number of events can

e +e >y + U e +e >Z+ U

s @) _
R &S
(62)

e
o N
o o

1/0 do/dco
1/0 do/dcos

4
N
a

-0.75-05-025 0 025 05 075 1
cos (6y)
e +e —>7Y+ U

-0.75-05-025 0 0.25 0.5 0.75 1
cos (6;)
e"+e >Z+ U

o

o o o
o o o
5 [} @

1/c do/dE, (GeV")
% c

1/6 do/dEz (GeV-")

éS 100 105 110 115 120
Ez (GeV)

FIG. 2 (color online). Normalized photon (Z boson) energy
spectrum and angular distribution of eTe™ — y(Z) + U for
dy = 1.5 at /s = 200 GeV. Dashed, solid, dotted, and dot-
dashed curves represent the contributions from the operators
with couplings A;; gr (Ar; and Agg give the same distributions),
Appge (A7, and ALy give the same distributions), A, p;, and
XWW),,,,, respectively. Note that for the left panel, the curves are
identical for the contributions from A, ;. XWW,,,b. We have
imposed | cosé,, ;| <0.97 and E, > 5 GeV.

[be obtained. One needs, however, to see if existing con-
straints have already ruled out such possibilities. We now
comment on constraints on the relevant coupling of the
operators.

Presently there is a direct constraint from LEP II data
[17] at /s = 207 GeV on the cross section for ee™ —
yX°® where X? is invisible. With the cuts E,, > 5 GeV and
| cos@| < 0.97, the cross section ¢ is constrained to be <
0.2 pb at 95% C.L. Interpreting X° as an unparticle, bounds
can be obtained for combinations of parameters A; and
A ;- The corresponding bounds on various cross sections
we are interested in can then be obtained. We list them in
Table I for d¢; = 1.5.

No observation of e e~ — vy + U at LEP Il may be due
to too low event number. With larger integrated luminosity
at ILC, unparticle effects may be observed. If the scale of
unparticle physics is close to the upper bound, with an
integrated luminosity of 100 fb~!, the event numbers can
reach more than 1.93 X 10* (1.3 X 10%) and 1.07 X 10*
(6.19 X 10%) for eTe™ — y(Z) + U with /s = 200 GeV
and /s = 500 GeV, respectively. With an integrated lumi-
nosity of 500 fb~!, the event numbers would be 5 times
larger.

There are also several noncollider laboratory constraints
directly related to the operators that have been studied

e +e —>Z+ U

e" + e ->y + U

175
< 15
81.25
o
B
)
© 0.75 |«
2 o0s N
0.25 i« R
0.75-0.5-0.25 0 0.25 0.5 0.75 1 0.75-05-025 0 0.25 05 0.75 1
cos (6y) cos (67)
e"+e —>7+U e +e ->Z+ U
005 = 005
2 >
(3 0.04 8 o004
..0.03 N 0.03
w w
o002 2 002
o b
hel kel
© 0.01 o 0.01
L 2 —

50 100 ) 150 200 250
E, (GeV)

100 125 150 175 200 225 250
Ez (GeV)

FIG. 3 (color online). Normalized photon (Z boson) energy
spectrum and angular distribution of e*e™ — y(Z) + U for
dq = 1.5 at \/s = 500 GeV.
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TABLE I. Bounds on the cross sections using LEP II constraints with the cuts | cosf| < 0.97 and E, >5 GeV. Event numbers can
be obtained by multiplying a given integrated luminosity.

J5 = 200 GeV J5 = 500 GeV

dy =15 olete” — yU) olete” = ZU) olete” — yU) olete” = ZU)
AL, -term 0.193 pb 0.0410 pb 0.483 pb 0.482 pb
Apg-term 0.193 pb 0.0266 pb 0.483 pb 0.313 pb

A}, -term 0.204 pb 0.0133 pb 0.107 pb 0.009 54 pb
Al p-term 0.204 pb 0.008 63 pb 0.107 pb 0.006 19 pb
A,-term 0.198 pb 0.369 pb 0.365 pb 0.809 pb
Xp-term 0.198 pb 0.0969 pb 0.365 pb 0.616 pb
App-term 0.195 pb 0.162 pb 0.434 pb 0.355 pb
Xy-term 0.195 pb 0.0426 pb 0.434 pb 0.270 pb

including g — 2 of electron [4,5,8] and invisible positro-
nium decays [8]. We find that positronium decays into an
‘U may provide a stronger bound than that at LEP II.

The operators with couplings A, gg and A} gy contrib-
ute to para-positronium to unparticle (p-Ps — ‘U)) and
ortho-positronium to unparticle (0-Ps — U) decays di-
rectly at the tree level, respectively. The 90% C.L. experi-
mental bounds on these decay branching ratios [18],
4.3 X 1077 and 4.2 X 1077, then lead to [19]

Adul)‘LL - )\EE|2(2me/Afu)2dU <9.2 X 1079,
Ay AL + ApplP@m,/Aq)?du™V) <2.0 X 10712

In the above, our bound on scalar unparticle scale is differ-
ent than that obtained in Ref. [8] is due to the fact that we
have required the unparticles to couple to SM invariant

operators such that the couplings scale as A;fd“ while in

Ref. [8] they scale as A{f(d“ﬂ).

The constraints on A;; gr are much weaker than that
from LEP II. The constraints on A} ; ., are, however, much
stronger. Assuming no cancellation between A}, and A%,

the bounds would imply that the cross sections for e e~ —
¥(Z) + U to be less than 5.5 X 1073(3.4 X 107°) pb at

/s =200 GeV and 2.9 X 1073(2.3 X 107%) pb at /s =
500 GeV for dqy = 1.5. If true, the unparticle effects due
to these operators will not be able to be studied at ILC.
However, with larger dq, it is still possible. For example,
for dq; = 1.88, one can get more than 4.6 X 10%(1.2 X
10%) and 5.1 X 10*(2.6 X 10%) ete™ — y(Z) + ‘U events
at /s =200 GeV and 500 GeV, respectively, with the
integrated luminosity of 100 fb~!. We should also note
that since the constraint is proportional to A}, + A, if
there is a cancellation such that this quantity is small, but
individual A7; zp is not small, the cross sections for
ete” — y(Z) + ‘U can still be large and unparticle phys-
ics effects can still be studied at ILC.

No constraints on Ay, »,(A,, ) can be obtained from a
positronium decay into an unparticle. However, one can
obtain constraints from o0-Ps — vy + ‘U decay through the
diagrams shown in Fig. 1. We have carried out such a study
using formulas in Ref. [20] for Y — y + ‘U with appro-
priate replacement for parameters. We find that the con-
straints are much weaker than that from LEP II data.
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