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Abstract

Recently, conceptually new physics beyond the Standard Model has been proposed, where a hidden conformal sector provides “unparticle”
which couples to the Standard Model sector through higher dimensional operators in low energy effective theory. Among several possibilities, we
focus on operators involving unparticle, the Higgs doublet and the gauge bosons. Once the Higgs doublet develops the vacuum expectation value,
the conformal symmetry is broken and as a result, the mixing between unparticle and Higgs boson emerges. We find that this mixing can cause
sizable shifts for the couplings between Higgs boson and a pair of gluons and photons, because these couplings exist only at the loop level in the
Standard Model. These Higgs couplings are the most important ones for the Higgs boson search at the CERN Large Hadron Collider, and the
unparticle physics effects may be observed together with the discovery of Higgs boson.

© 2008 Elsevier B.V. All rights reserved.

In spite of the success of the Standard Model (SM) in de-
scribing all the existing experimental data, the Higgs boson,
which is responsible for the electroweak symmetry breaking,
has not yet been directly observed, and is one of the main tar-
gets at the CERN Large Hadron Collider (LHC). At the LHC,
the main production process of Higgs boson is through gluon
fusion, and if Higgs boson is light, say m; < 150 GeV, the pri-
mary discovery mode is through its decay into two photons. In
the SM, these processes occur only at the loop level and Higgs
boson couples with gluons and photons very weakly.

A certain class of new physics models includes a scalar field
which is singlet under the SM gauge group. In general, such a
scalar field can mix with the Higgs boson and also can directly
couple with gluons and photons through higher dimensional op-
erators with a cutoff in effective low energy theory. Even if the
cutoff scale is very high, say, 100-1000 TeV, the couplings with
gluons and photons can be comparable to or even larger than
those of the Higgs boson induced only at the loop level in the
SM. This fact implies that if such a new physics exists, it po-
tentially has an impact on Higgs boson phenomenology at the
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LHC. In other words, such a new physics may be observed to-
gether with the discovery of Higgs boson.

As one of such models, in this Letter, we investigate a new
physics recently proposed by Georgi [1], which is described in
terms of “unparticle” provided by a hidden conformal sector
in low energy effective theory. A concrete example of unpar-
ticle staff was proposed by Banks—Zaks [2] many years ago,
where providing a suitable number of massless fermions, theory
reaches a non-trivial infrared fixed point and a conformal the-
ory can be realized at a low energy. Various phenomenological
considerations on the unparticle physics have been developed
in the literature [3-5].

Basic structure of the unparticle physics is as follows. First,
we introduce a coupling between the new physics operator
(Oyy) with dimension dyy and the Standard Model one (Osm)
with dimension #,

Cn
L= WOUVOSM, (1
where ¢, is a dimension-less constant, and M is the energy scale
characterizing the new physics. This new physics sector is as-
sumed to become conformal at a energy Az, and the operator
Ouyy flows to the unparticle operator U with dimension dy;. In
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low energy effective theory, we have the operator of the form,

dyy—dy

L=c, U

An
Mdovin—4 UOsm, 2)

Osm = Adyn—a

where the dimension of the unparticle I/ have been matched by
Ay which is induced the dimensional transmutation, A, is an
order one coupling constant and A is the (effective) cutoff scale
of low energy effective theory. In this Letter, we consider only
the scalar unparticle. It was found in Ref. [1] that, by exploiting
scale invariance of the unparticle, the phase space for an unpar-
ticle operator with the scale dimension d;; and momentum p is
the same as the phase space for d;; invisible massless particles,

_ N2y vdu—2 AP
dPu(p) = Aq, 0 (PP (P7) ()™~ 5 3)
where
3 1
Adu 1672 F(du + 2) 4)

= @m)2 T (dy — DI Qdyy)’

Also, based on the argument on the scale invariance, the (scalar)
propagator for the unparticle was suggested to be

Agy, i
2sin(mdyy) (p2)2—du

Interestingly, dy; is not necessarily integral, it can be any real
number or even complex number. In this Letter we consider the
scale dimension in the range, 1 < dyy < 2, for simplicity.
Among several possibilities, we focus on the operators be-
tween the unparticle and the Higgs sector,
An

e—i(dz,{—z)ﬂ. (5)

where H is the Standard Model Higgs doublet and Osy (H ' H)
is the Standard Model operator as a function of the gauge in-
variant bi-linear of the Higgs doublet. Once the Higgs doublet
develops the vacuum expectation value (VEV), the tadpole term
for the unparticle operator is induced,

Ly = Ay, )

and the conformal symmetry in the new physics sector is bro-
ken [4]. Here, Azj{_d“ = 1, (Osm) /Adu +n—4 is the conformal
symmetry breaking scale. At the same time, we have the inter-
action terms between the unparticle and the physical Standard

Model Higgs boson () such as (up to O(1) coefficients)
4—d 4—d

EU—Higgs = (AZ/{ M/U)Z/lh + (AZ/{ u
where v = 246 GeV is the Higgs VEV. In order not to cause a
drastic change or instability in the Higgs potential, the scale of
the conformal symmetry breaking should naturally be smaller
than the Higgs VEV, Ay Sv.

As other operators between the unparticle and the Standard
Model sector, we consider

L1, = )‘g u A Apv

% i

SV NUR? + -, (8)

Ay U
— L Fa P, ©)
where we have neglected O(1) coefficients, but taken into ac-

count of the two possible relative signs of the coefficients,

Ag = =x1 and A, = £1. We will see that these operators are
the most important ones relevant to the Higgs phenomenology.

Now let us focus on effective couplings between the Higgs
boson and the gauge bosons (gluons and photons) of the form,

1 1
EHiggs-gauge = ;nghGﬁvGAlw + ;nyhFqulw. (10)

As is well known, in the Standard Model, these operators are in-
duced through loop corrections in which fermions and W-boson
are running [6]. For the coupling between the Higgs boson and
gluons, the contribution from top quark loop dominates and is
described as!

sM __ %
ng -

T6m 172(T), (11)

where «; is the QCD coupling, and t; = 4m,2 / mﬁ with the top
quark mass m; and the Higgs boson mass mj,. For the coupling
between the Higgs boson and photons, there are two dominant
contributions from loop corrections through top quark and W-
boson,

S = X (2R )+ Fiew) (12)
vy =g \ 30120 1(tw) |,
where Ty = 4M%V / m% with the W-boson mass M. In these

expressions, the structure functions are given by

Fip(m=2t[1+0-1)f(0)],
Fi(t)=—[2+3t+3Q2 - 1) f(1)] (13)
with

[sin™!(1/y/7)] (fort > 1),
fo= —}T[ln(}jg) —in? (fort <1).
Note that even though the effective couplings are loop sup-
pressed in the Standard Model, they are the most important ones
for the Higgs boson search at the LHC. In the wide range of
the Higgs boson mass mj < 1 TeV, the dominant Higgs bo-
son production process at the LHC is the gluon fusion channel
through the first term in Eq. (10). If the Higgs boson is light,
my < 2My, the primary discovery mode of the Higgs boson
is on its decay into two photons, in spite of this branching ra-
tio is O(1073) at most. Therefore, a new physics will have a
great impact on the Higgs phenomenology at LHC if it can pro-
vide sizable contributions to the effective couplings in Eq. (10).
Furthermore, the fact that the Standard Model contributions are
loop-suppressed implies that it is relatively easier to obtain siz-
able (or sometimes big) effects from new physics.

Now we consider new contributions to the Higgs effective
couplings induced through the mixing between the unparticles
and the Higgs boson (the first term in Eq. (8)) and Eq. (9), in
other words, through the process h — U — gg or yy. We can
easily evaluate them by using the vertex among the unparticle,

1 In our numerical analysis, we take all fermion contributions into account,
for completeness.
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the Higgs boson and gauge bosons and the unparticle propaga-
tor as

c“ 4—dy Ady e !lu—2m Mgy
=A X X
88.vy — U 2sin(wdy) (m3)2—du Adu

Ay e—ildu-2m 4—dy mp, dy
=Ag,y“— A — , (14)

2sin(dy)  \mp A

where we replaced the momentum in the unparticle propagator
into the Higgs mass, p? = m%l The unparticle contributions be-
come smaller as mj, and A (Ay) become larger (smaller) for a
fixed 1 < dyy < 2. Note that in the limit djy — 1, the unparti-
cle behaves as a real scalar field and the above formula reduces
into the one obtained through the mass-squared mixing AZ?( /v
between the real scalar and the Higgs boson.

Let us first show the partial decay width of the Higgs boson
into two gluons and two photons. Here we consider the ratio of
the sum of the Standard Model and unparticle contributions to
the Standard Model one,

SM Uu 2
R= FSM+u(h —> g8, VY) _ |ng,yy + ng,yy| (15)
- pSM(h ) - CSM_ 2 :
—> 88, VY 1Coeyy !

Using Egs. (11), (12) and (14) we evaluate the ratio of the par-
tial decay widths as a function of d4. The results are shown
in Figs. 1 and 2, for Ay = v and m, = 120 GeV, and dif-
ferent choices of A = 100 and 1000 TeV. Even for A =
O(1000 TeV), we can see a sizable deviation of O(10%) from
the Standard Model one with d;; ~ 1. Here, it is shown that the
relative sign A, ,, plays an important role in the interference be-
tween the unparticle and the Standard Model contributions.

Assuming mj, < 2My, it is interesting to evaluate the Higgs
boson signal events through gg — h — yy at the LHC, in the
presence of the unparticle effects. We consider the ratio of two
photon events including unparticle effects to those in the Stan-
dard Model. For A 2 100 TeV, we will approximately evalu-
ate the event number ratio. Note that the branching ratio into
h — gg,yy is small in the Standard Model and the unparticle
contributions are comparable to or smaller than the Standard
Model ones (see Figs. 1 and 2). Thus, the deviation of the to-
tal decay width due to the unparticle effects is negligible, and
we arrive at the approximation formula for the event number
ratio (r),

OSM-H/{(gg N h) X BRSM+L{(h - ]/)/)
oSM(gg — h) x BRSM(h — yy)
FSM+Z/I(h N gg) X FSM+Z/{(h_) )/J/)
=T TN — gg) x T™M(h > yy)
_ G + CEP X IC + L P
S eI

r =

(16)

The event number ratio as a function of di; are depicted in
Figs. 3 and 4 for A = 100 and 1000 TeV, respectively, with
Ay = v and mp = 120 GeV. As discussed before, once the
Higgs doublet develops the VEV, the conformal symmetry is
broken in the new physics sector, providing the tadpole term
in Eq. (7). Once such a tadpole term is induced, the unparticle
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Fig. 1. The ratio of the partial decay width for the mode 7 — gg as a function
of dg4 for A =100 and 1000 TeV, with Ay = v and mj, = 120 GeV. The solid
and dashed lines correspond to A = + and Ag = —, respectively. Each solid or
dashed line with larger deviations corresponds to A = 100 TeV.
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Fig. 2. The ratio of the partial decay width for the mode 4 — yy as a function
of dyy for A =100 and 1000 TeV. The solid line and dashed line correspond
to Ay =+ and Ay = —, respectively. Each solid or dashed line with larger
deviations corresponds to A =100 TeV.

will subsequently develop the VEV [4,5] whose order is natu-
rally the same as the scale of the conformal symmetry breaking,

Uy = (. a7)

Here we have introduced a numerical factor ¢, which can be ¢ =
0(0.1) — O(1), depending on the naturalness criteria. Through
this conformal symmetry breaking, parameters in the model are
severely constrained by the current precision measurements.
We follow the discussion in Ref. [5]. From Eq. (9), the VEV
of the unparticle leads to the modification of the photon kinetic
term,

1 )
EZ_Z[liE]F’”FW’ (18)
which can be interpreted as a threshold correction in the gauge
coupling evolution across the scale (U/)!/% . The evolution of
the fine structure constant from zero energy to the Z-pole is
consistent with the Standard Model prediction, and the largest
uncertainty arises from the fine structure constant measured at
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Fig. 3. The ratio of the two photon evens as a function of d;; for A = 100 TeV,
with AZ/{ =v and my, = 120 GeV. Each line from top to bottom at d7; = 1.1
corresponds to (Ags hy) =(+, =), (=, =), (+,+) and (—, +), respectively.
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Fig. 4. The same figure as Fig. 3 but for A = 1000 TeV.

the Z-pole [7],

&~ '(My)=127.918 +£0.019.

This uncertainty (in the MS scheme) can be converted to the
constraint,

€= (U)/AM <1.4x 107, 19)

This provides a lower bound on the effective cutoff scale. For
dy >~ 1 and Ay >~ v we find

A > ¢ x 1000 TeV.

This is a very severe constraint on the scale of new physics, for
example, A 2 100 TeV for ¢ 2 0.1.

A similar bound can be obtained by the results on Higgs
boson search through two photon decay mode at the Tevatron.
With the integrated luminosity 1 fb~! and the Higgs boson mass
around mj, = 120 GeV for example, the ratio in Eq. (16) is con-
strained to be r < 50 [8]. For dz; = 1, this leads to the bound,
A Z 60 TeV, which is, as far as we know, the strongest con-
straint on the cutoff scale by the current collider experiments.

In conclusion, we have considered the unparticle physics
focusing on the Higgs phenomenology. Once the electroweak

symmetry breaking occurs, the conformal symmetry is also bro-
ken and this breaking leads to the mixing between the unparticle
and the Higgs boson. Providing the operators among the unpar-
ticle and the gauge bosons (gluons and photons), the unparticle
brings the sizable deviation into effective couplings between the
Higgs boson and the gauge bosons, that can be measured at the
LHC through the discovery of the Higgs boson. The conformal
symmetry breaking induces threshold corrections for the gauge
coupling evolutions, and the current precision measurements on
the fine structure constant require the effective cutoff scale far
above the electroweak scale. The similar bound on the cutoff
scale can be obtained from the Tevatron experiments. When we
naively assume the common cutoff scale for operators between
the unparticle and the Standard Model sector, it seems very
hard to measure unparticle effects in any processes. However,
as have been shown in this Letter, there exist sizable effects in
the Higgs phenomenology. This is the point of this Letter. The
unparticle physics makes Higgs phenomenology more interest-
ing.

Finally, we give several comments. In Eq. (9), we can in gen-
eral introduce the coupling involving the weak gauge bosons
and also discuss the unparticle effects on couplings between
the Higgs bosons and the weak gauge bosons. However, such
effects are negligible, because the Higgs boson couples to the
weak gauge boson at tree level and the effective cutoff is re-
quired to be very high by the current experiments. In this sense,
we can neglect several operators through which the unparticle
cause additional contributions to the couplings existing in the
Standard Model at tree level.

If there exists a coupling between the unparticle and Yukawa
sectors in the Standard Model, the unparticle VEV gives an
additional contribution to fermion masses. In order for such a
fermion mass contribution to be consistent with the observed
fermion masses, the coefficient of the coupling involving light
fermions should be very small. As a result, the Yukawa cou-
pling constant of the interactions term /¥ Wy isatmostm /v,
where m ¢ is the fermion mass, and negligibly small for light
fermions.

There are other new physics models which can cause the
similar effects in Higgs phenomenology as what we have in-
vestigated in this Letter. A well-studied example is two Higgs
doublet model (2HDM) where the SM Higgs sector is simply
modified. In fact, there has been a study on a comparison be-
tween the 2HDM and the SM results in the effective Higgs
coupling to two photons [9]. It is worth investigating how to
distinguish the unparticle physics from 2HDM. A clear differ-
ence is that the unparticle is singlet under the SM gauge group,
while the charged Higgs bosons appears in 2HDM. However, in
the part involving only (CP-even) neutral Higgs bosons, 2HDM
has many free parameters enough to produce the same results
we have obtained, by choosing a special parameter set.

Once the unparticle develops the VEV, the unparticle may
acquire a “mass” term characterized by the scale Ay [4]. If this
is the case, it is interesting to investigate the unparticle pro-
duction at the LHC. Through Eq. (9), it is produced via gluon
fusion and subsequently decays into two gluons and photons.
Therefore, the unparticle behaves like the Higgs boson at the
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LHC. However, counting the degrees of freedom of the gluons
and photons, the branching ratio into photon will be 1/9 ~ 0.1,
so that we can expect two photon events from the unparticle
production much larger than those from the Higgs boson. This
unparticle phenomenology is similar to the one investigated in
Ref. [10], where the scalar particle in the supersymmetry break-
ing sector plays the similar role of the unparticle in the limit
du — 1.
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