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Searches for non-SM Higgs Bosons at the Tevatron

Andrew Haas for the DZero and CDF collaborations

Columbia University, New York, NY, USA

Extensions of the Standard Model (SM) predict Higgs phenomenology which can be quite
different from that expected within the SM. This contribution discusses the latest results
from searches for Higgs bosons by the DZero and CDF experiments at the Tevatron in several
non-SM scenarios: supersymmetry, left-right symmetric (Higgs-triplet), and fermiophobic.

1 Introduction

The Tevatron accelerator at Fermilab has performed very well in recent years, delivering over
3.5 fb−1 of data. The DZero and CDF experiments are using this data to study many questions
at the forefront of high-energy physics. A central goal is the understanding of electro-weak
symmetry breaking, which gives the W and Z bosons mass while leaving the photon massless.
In the SM, electro-weak symmetry breaking is delivered via the Higgs mechanism, which predicts
a single neutral spin-0 boson - the Higgs boson. Extensions to the SM, such as supersymmetry,
predict different productions and/or decays of the Higgs boson and often a richer spectrum of
multiple Higgs bosons.

We will discuss first the most anticipated extension to the SM, supersymmetry. Both DZero
and CDF have specifically tuned searches for the new neutral Higgs boson(s) of supersymmetry,
in the bh → bbb, h → ττ , and bh → bττ channels. Next we show the results for left-right
symmetric or Higgs-triplet models, which predict a doubly-charged Higgs boson, H++. Finally,
DZero has considered the case where the Higgs prefers not to decay to fermions, the so-called
fermiophobic scenario, leaving open the h→ γγ channel as the main decay mode for a low-mass
Higgs boson.
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Figure 1: The di-jet invariant mass spectrum in bbb events and corresponding limits in the mA - tanβ parameter
space of the MSSM from the CDF bh→ bbb analysis.

2 Searches in the MSSM at high tanβ

In two-Higgs-doublet models of electro-weak symmetry breaking, such as the minimal super-
symmetric extension of the standard model (MSSM) 1, there are five physical Higgs bosons:
two neutral CP -even scalars, h and H, with H being the heavier state; a neutral CP -odd state,
A; and two charged states, H±. The ratio of the vacuum expectation values of the two Higgs
fields is defined as tanβ = vu/vd, where vu and vd refer to the fields that couple to the up-type
and down-type fermions, respectively. At tree level, the coupling of the A boson to down-type
quarks, such as the b-quark, is enhanced by a factor of tanβ relative to the SM, and the pro-
duction cross section is therefore enhanced by tan2β 2. At large tanβ, this is also true either for
the h or H boson depending on their mass. At high tanβ, the h/H and A decay roughly 90%
to bb and 10% to ττ .

The dominant decay to bb is unfortunately drowned by QCD background, but due to the
enhanced coupling to b-quarks the h/H and A are also produced in association with one or more
b-quarks, opening the channel bh → bbb. Both DZero and CDF have performed searches for
an excess in the di-jet invariant mass spectrum of the bbb final state. CDF’s latest results are
shown in Figure 1, using 1.9 fb−1 of data. The dijet mass spectrum of the heavy flavor multi-jet
background is derived from double-tagged data in a manner that accounts for tagging biases
and kinematic differences introduced by the addition of the third tag. No excess is observed for
any di-jet invariant mass window, so limits are placed in the Higgs mass vs. tanβ parameter
space.

The subdominant decay of the h/H or A to ττ is much cleaner, so both DZero and CDF
have searched for direct h → ττ excesses, see Figures 2 and 3. The main background is from
Z → ττ , which is essentially irreducible.

At DZero, a set of Neural Networks (NN) are trained to identify tau decays from jet back-
grounds, for each of 3 tau types (charged pion-like, pion + EM shower-like, and 3-prong). One
of the taus is required to decay to a muon, for triggering and to reduce QCD background. The
QCD background is determined by comparing same-sign vs. opposite-sign candidates. Some
loose selection cuts remove W backgrounds, such as requiring the visible W mass <20 GeV.
Finally, a set of NN’s (one for each tau type) is used to separate signal from backgrounds.
Good agreement is seen between data and expected background at high NN output, so limits
are placed on the signals’ cross-sections and interpreted in the Higgs mass vs. tanβ parameter
space. CDF has performed similar analyses, but using in addition the e+tau and e+mu decay
channels, as well as more data. No NN separation is employed, however.

By adding the requirement that there be an associated b-quark in the production, followed
by the clean di-tau decay, bh→ bττ has the highest signal / background of any high tanβ MSSM
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Higgs search. It also suffers from a low cross-section times branching ratio however. DZero has
performed a search using just 344 pb−1 of data in this channel. Di-tau events are normalized to
the Z → ττ peak, and then an additional b-tagged jet is required with pT >15 GeV. For a Higgs
mass of 120 GeV and tanβ=80, there are 5.3 signal events expected, with just 6.3 expected
background events. Only 3 events are observed in data, and limits are placed in the Higgs mass
vs. tanβ plane, as seen in Figure 4, competitive with the other channels.

3 Searches for H++H−−

Many models of beyond-SM Higgs physics predict a doubly-charged Higgs boson, H++, such as
left-right symmetric models, Higgs-triplet models, and little-Higgs. DZero has recently updated
its search for pair-produced H++H−−, using 1.1 fb−1 of data. 3 muons are required, with
pT >15 GeV. At least one pair must have an invariant mass >30 GeV and ∆φ <2.5 radians, to
reduce backgrounds from QCD and Z decays. 3 events are observed in data, for an expectation
of 3.1 events from backgrounds, and thus limits are set on the H++ mass as shown in Figure
5. Left-handed doubly-charged Higgs bosons, H++

L have a larger production cross-section than
right-handed, H++

R , by about a factor of 2, due to their different coupling to the intermediate Z
boson. Thus, the limit on the mass of H++

L (>150 GeV) are higher than on H++
R (>127 GeV).
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Figure 6: (left) Di-photon invariant mass spectrum and (right) limits on the h→ γγ cross-section in units of the
SM cross-section from the latest DZero di-photon analysis.

4 Searches for h→ γγ

Although the SM Higgs boson decays to the di-photon final state with a small branching ratio,
this decay channel could be subject to a large enhancement in models where the Higgs does not
couple strongly to fermions. In this case, fermion masses could arise from some other source.
DZero has recently completed a search using 2.3 fb−1 of data for h→ γγ. 2 isolated photons with
pT >25 GeV are required. QCD jets faking photons are estimated by looking at the calorimeter
shower-shape correlations between the two photons in each event, and samples are divided into
QCD di-jet, photon+jet, and di-photon backgrounds. Z → ee also contributes near the Z mass.
Data agree very well with estimated backgrounds, and no significant excess is seen at any di-
photon invariant mass range. Limits are therefore set on the cross-section times branching ratio
for h→ γγ and are compared to the expected cross-section times branching ratio in the SM, as
shown in Figure 6. The current analysis can exclude down to about 50 times the SM event rate
at 120 GeV and in fact also contributes non-negligibly to the SM Higgs search.

5 Conclusions

CDF and DZero have searched for Higgs bosons in several models beyond the SM: the MSSM
at high tanβ in b and τ channels, for doubly charged Higgs, and for fermiophobic Higgs. No
significant excesses or deviations indicative of non-SM Higgs signatures have been seen so far.
But the Tevatron experiments expect to more than double their data samples in the next two
years, hone their search strategies, and enlarge the variety of models considered.
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1.3 W Boson and Lepton Charge Asymmetry

W+(W−) events are produced in the collisions of u(ū) and d̄(d) quarks. Since, on average, the
u(ū) quark carries a higher momentum fraction than the d̄(d) quark, the W+(W−) is boosted
along the proton (anti-proton) direction. This results in a W charge asymmetry. The W charge
asymmetry (A(yW )) is defined as :

A(yW ) =
dσ(W+)/dyW − dσ(W−)/dyW
dσ(W+)/dyW + dσ(W−)/dyW

(1)

At LO, it can be described in terms of the momentum fractions of the u and d quarks :

A(yW ) ≈ d(x2)/u(x2)− d(x1)/u(x1)
d(x2)/u(x2) + d(x1)/u(x1)

(2)

where x1,2 = MW√
s
e±yW . The A(yW ) is sensitive to slope of d(x)/u(x).

Experimentaly, the lepton charge asymmetry is measured:

A(η) =
dσ(+)/dη − dσ(−)/dη
dσ(+)/dη + dσ(−)/dη

(3)

The measured lepton charge asymmetry is a convolution of the W charge asymmetry, and the
asymmetry from the V-A interaction. Figure 1 shows the W boson and the lepton rapidity
distributions and the resulting W and lepton charge asymmetries.
At large lepton pseudorapidities, the V-A interaction distorts the boson production asymmetry.

D∅ and CDF collaboration use different approaches in the measurement of the W asymmetry.
The D∅ collaboration uses the traditional method of measuring the charge asymmetry in the
muon decay channel. The data sample consists of 0.3 fb−1. Figure 2 shows the lepton charge
asymmetry versus muon pseudorapidity. The central region measurements by both CDF and
D∅ (|ηµ| < 1.3) have been used to constrain PDFs in previous fits. The high rapidity region
(|ηµ| > 1.3) probes the PDFs at higher x. The high rapidty region is still statistics limited.

A new measurement by the CDF collaboration extracts the W charge asymmetry from the
lepton charge asymmetry. The W boson rapidity (yW ) can be determined from the 4-momentum
of the final state neutrino. However, the momentum of the neutrino in z-direction (P ν

z ) is not
measured and only its transverse momentum is known (the missing transverse energy of the
event). The P ν

z is calculated as follows:

M2
W = (E + Eν)2 − (P + Pν)2 (4)
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which agrees with the NLO calculation, 11.0+1.4
−3.0pb.

1.7 Conclusion

New high statistics measurements of W and Z production processes at the Tevatron are used
to provide new constraints on nucleon PDFs. The W charge asymmetry and Z boson dσ/dy
measurement have been extended up to y ≈ 2.9. The Z boson dσ/dy measurement is with 2.1
fb−1 of data, and 8 fb−1 is expected by end of 2009.
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ON THE POSSIBLE LINKS BETWEEN ELECTROWEAK SYMMETRY
BREAKING AND DARK MATTER

T. HAMBYE AND M.H.G. TYTGATa

Service de Physique Théorique, Université Libre de Bruxelles, 1050 Brussels, Belgium

The mechanism behind electroweak symmetry breaking (EWSB) and the nature of dark matter
(DM) are currently very important issues in particle physics. Usually, in most models, these
two issues are not or poorly connected. However, since a natural dark matter candidate is a
weakly interacting massive particle or WIMP, with mass around the electroweak scale, it is
clearly of interest to investigate the possibility that DM and EWSB are closely related. In
the context of a very simple extension of the Standard Model, the Inert Doublet Model, we
show that dark matter could play a crucial role in the breaking of the electroweak symmetry.
In this model, dark matter is the lightest component of an inert scalar doublet which can
induce dynamically electroweak symmetry breaking at one loop level. Moreover, in a large
fraction of the parameter space of this model, the mass of the dark matter particle is essentially
determined by the electroweak scale, so that the fact that the WIMP DM mass is around the
electroweak scale is not a coincidence.

1 Introduction

If one think about what kind of new physics the Large Hadron Collider could observe, beside
elucidating the origin of electroweak symmetry breaking, which is the first goal of this accelerator,
there are at least 2 issues which come directly to mind. The first one is the physics which would
cure the hierarchy problem(s) related to the scalar sector of the theory. The second one is the
particle at the origin of the dark matter in the universe. The reason why one might observe the
DM particle at LHC is not as clear at all as for the physics at the origin of EWSB, but it is at
least what we expect in the most straightforward explanation for the relic DM density of the
universe, which is the WIMP mechanism. If the DM relic density of the universe is due to the

aTalks given by M.T. at this Moriond Conference and by T.H. at the 4th Dark Side of the Universe Conference,
June 2008, Cairo, Egypt, based on Ref. 1.
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simple freeze out of the pair annihilation of a stable thermal particle, and if the annihilation cross
section is driven by gauge couplings (or more generally couplings of order unity), the DM mass
which is e.g. necessary to have the right relic density as observed in the universe (ΩDM  0.22
2,3) turns out to be around the electroweak scale. This leads to a coincidence problem since
what sets the DM mass is the observed DM relic density which a priori has nothing to do with
the electroweak scale. In most models it is a coincidence.b In this talk we consider the following
two questions curiously not often considered. First could it be not a coincidence due to some
deep reason? Second, if the DM particle is around the electroweak scale, could it play a direct
role in the dynamic of EWSB? In the following, focusing on these phenomenological issues of
DM and EWSB, we consider an extremely simple model, the inert Higgs doublet model, which
shows that DM could have indeed a crucial role in EWSB and that the WIMP scale coincidence
above might not be accidental.

2 The inert Higgs doublet model

The model we consider is extremely simple.4−9 It is based on only 2 assumptions. First it assumes
the existence of a second Brout-Englert-Higgs (Higgs for short) doublet, H2. Second it assumes a
discrete symmetry, the simplest one is a Z2 symmetry, such that all SM particles are even under
it, except the second Higgs doublet. To assume such a discrete symmetry has several virtues.
It automatically leads to no flavor changing neutral current problems which in more general 2
Higgs doublet model are generic. Moreover if the Z2 symmetry is not spontaneously broken,
which is the case for large fractions of the scalar potential parameters, it leads to a stable DM
candidate in the form of the lightest H2 component. The doublet H2 ≡ (H+ (H0 + iA0)/

√
2)T ,

since it is complex, has four components, 2 charged, H±, one neutral scalar, H0, and one neutral
pseudoscalar, A0.

The most general scalar potential one can write contains 2 mass and five quartic terms:

V = µ21|H1|2 + µ22|H2|2 + λ1|H1|4 + λ2|H2|4 (1)

+λ3|H1|2|H2|2 + λ4|H†
1H2|

2 +
λ5
2


(H†

1H2)
2 + h.c.



with real quartic couplings. After SU(2) × U(1) symmetry breaking, from the vacuum expec-
tation value of H1, H1 = v/

√
2 with v = −µ21/λ1 = 246 GeV, we get the following mass

spectrum

m2
h = µ21 + 3λ1v

2 ≡ −2µ21 = 2λ1v2
m2

H+ = µ22 + λ3v
2/2

m2
H0 = µ22 + (λ3 + λ4 + λ5)v2/2

m2
A0 = µ22 + (λ3 + λ4 − λ5)v2/2. (2)

with h the Higgs boson from H1. To have a dark stable particle, i.e. neutral, H0 or A0, we
therefore need λL ≡ λ3 + λ4 + λ5 < λ3 and/or λS ≡ λ3 + λ4 − λ5 < λ3.

The DM properties of this model have been studied in a series of papers which show that
this model is perfectly viable and moreover testable. There are 4 types of processes which drive
the relic density:8 annihilation to a pair of gauge bosons, to a pair of Higgs boson, to a pair
of fermion via a Higgs boson, and coannihilation to a fermion pair of the DM particle with
the other neutral H2 component via a Z boson or with H± via a W±. The cross sections are
exactly the same for H0 and A0 so that both DM candidates are equally good. Annihilations

bFor example in the MSSM neutralino scenario there is no direct link between these 2 scales, due to the µ
problem. There exists however models where such link exists as in the NMSSM.
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to a pair of gauge bosons tend to be too fast to give the right relic density, except in 2 mass
regimes. A low mass regime where the DM mass is below the W and Z mass thresholds; it
requires 8,6 40GeV < mDM < 75 GeV (in this case the relic density is determined by the 2
processes with light fermions in the final state). And a high mass regime 8(also possible because
asymptotically, for large DM mass, the annihilation to a pair of gauge bosons drops as 1/m2

DM );
it requires 600GeV ∼< mDM ∼< 100 TeV.

For direct detection the main process is elastic scattering of DM with a nucleon via a Higgs
boson. For the low mass regime most of the parameter space cannot be probed by present
experiments but will be by the future ones, see 8,6. Similarly in this regime, and for usual
Navarro-Frank-White DM galactic density profile, most of the parameter space will be covered
by the GLAST satellite experiment, see 8,9. This model is therefore testable. The high mass
regime, on the other hand, leads to more suppressed rates.

3 Electroweak Symmetry Breaking induced by Dark Matter

Although EWSB can be perfectly induced in the SM by the scalar potential of the Higgs boson
without the need of any additional particle, the inert Higgs doublet model offers the possibility
to have a dynamical origin for the EWSB. It provides an example of DM model where due
to the fact that DM is around the electroweak scale, it can easily have an important role for
EWSB, by driving it at one loop through the Coleman-Weinberg mechanism.10,11 Consider a
regime where µ2

1 would be positive, vanishing or more generally much less negative than its
ordinary value in the SM −λv2. In this case there is no or very little EWSB at tree level. There
is not either EWSB at one loop in the SM. This is due to the well-known fact that the one
loop effective potential is dominated in the SM by the top loops which have the wrong sign for
EWSB. These loops can lead to a potential with an extremum in v but only to a maximum,
i.e. they destabilize the Higgs vacuum. However in the inert Higgs doublet model the situation is
totally different. There are additional scalar loops involving H2. Neglecting gauge bosons loops
as well as fermion loops other than top ones, using the MS prescription, we get the following
effective Higgs potential

Veff(h) = µ2
1

h2

2
+ λ1

h4

4
+

1
64π2


i

nim
4
i

�
ln

m2
i

µ2
− 3/2


(3)

where ni = {1, 1, 1, 1, 2, 2,−12} is the number of degrees of freedom for each species i = {h,H0,
G0, A0, h

±, H±, t} which couples to the Higgs boson with tree level masses given in Eq. (2),
m2

G0
= m2

h± = µ2
1 + λ1v

2, m2
t = g2

t v
2/2 (with G0, G±, the 3 would-be Goldstone bosons in H1

and gt the top Yukawa coupling). Since they are scalar loops, the H2 loops have the right sign,
i.e. they restabilize the potential and can lead to a minimum in v, so that EWSB is driven by
the DM inert Higgs doublet. Imposing that the effective potential has an extremum in v = 246
GeV, the Higgs mass at one-loop is given by

M2
h =

d2Veff
dh2

= m2
h +

1
32π2


6λ1f(m2

h) + λLf(m2
H0) + 2λ1f(m2

G0) + λSf(m2
A0)

+ 4λ1f(m2
h+) + 2λ3f(m2

H+) + 36λ
2
1h

2 log
m2

h

µ2
+ λ2

Lh2 log
m2

H0

µ2

+ 4λ2
1h

2 log
m2

G0

µ2
+ λ2

Sh2 log
m2

A0

µ2
+ 8λ2

1h
2 log

m2
h+

µ2
+ 2λ2

3h
2 log

m2
H+

µ2

− 36g2
t h

2f(m2
t )− 12g4

t h
2


h=v
(4)

with f(m2) = m2(log(m2/µ2)− 1).
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Since H2 has no vacuum expectation value, there is no mixing between the scalars and it
is straightforward to compute the contribution of one-loop corrections to the mass of the other
scalars from the second derivative of the effective potential around the Higgs vev. This still
requires to keep track of the dependence of the propagators on h, H0, A0 and H± though. The
fact that there is no mixing also means that the extremum is necessarily a minimum if all masses
are positive. The result is

M2
H0 ≡

∂2Veff
∂H20

= m2H0 +
1

32π2

λLf(m2h) + 6λ2f(m

2
H0)

+ λSf(m2G0) + 2λ2f(m
2
A0) + 2λ3f(m

2
h+) + 4λ2f(m

2
H+)

− 2λ2Lv
2g(m2h,m

2
H0)− 2λ

2
5v
2g(m2G0 ,m

2
A0)− (λ4 + λ5)2v2g(m2h+ ,m

2
H+)


h=v

M2
A0 ≡

∂2Veff
∂A20

= m2A0 +
1

32π2

λSf(m2h) + 2λ2f(m

2
H0)

+ λLf(m2G0) + 6λ2f(m
2
A0) + 2λ3f(m

2
h+) + 4λ2f(m

2
H+)

− 2λ2Sv
2g(m2h,m

2
A0)− 2λ

2
5v
2g(m2G0 ,m

2
H0)− (λ4 − λ5)2v2g(m2h+ ,m

2
H+)


h=v

M2
H± ≡

∂2Veff
∂H+∂H−

= m2H± +
1

32π2

λ3f(m2h) + 2λ2f(m

2
H0) + λ3f(m2G0)

+ 2λ2f(m2A0) + 2(λ3 + λ4)f(m2h+) + 8λ2f(m
2
H+)−

1
2
(λ4 + λ5)2v2g(m2h+ ,m

2
H0)

− 2λ23v
2g(m2h,m

2
H+)−

1
2
(λ4 − λ5)2v2g(m2h+ ,m

2
A0)


h=v

.

with g(m21,m
2
2) = [f(m

2
1)− f(m22)]/(m

2
2 −m21).

4 Constraints

In order that this dynamical mechanism of EWSB, driven by the DM doublet, does work, there
are essentially 3 constraints:

1) EWSB. The general strategy is simple. The contribution of at least some of the loops
with H2 particles must be large enough to compensate the large, negative, contribution of the
top quark. This requires that at least one of the λ3−5 couplings must be large and positive. This
will inevitably drive some of the scalar particle masses in the few hundred GeV range. Imagine
that EWSB is driven by loop corrections of H± and A0, with λ3  λS . In this case the λ3,S
contribution is relevant with respect to the top loop one provided λ3,S ∼> 2g2t . Asking that their
contribution is large enough for the Higgs mass to be above ∼ 115 GeV requires λ3,S ∼> 5g2t ,
approximately, i.e. fairly large but still perturbative quartic couplings. This givesMH±,A0 ∼> 380
GeV.

2) DM mass. Calculating the H0 relic density using the one loop induced coupling λ
eff
L =

1
v∂
3Veff/∂h∂

2H0 ≡ 1
v∂M

2
H0
/∂v, the low mass regime turns out to be still perfectly viable. Since

at least one of the components of the inert Higgs doublet must be very heavy to break the
electroweak symmetry while, in this case, the DM candidate must be lighter than MW , this
leads to large mass splittings between at least 2 of the inert Higgs components.

As for the large DM mass regime, it can be shown that it can work only for less phenomeno-
logically interesting special cases. In the following we will consider only the low mass regime.

3) Electroweak precision measurements. The most important constraints on the model from
electroweak precision measurements comes from the ρ parameter or equivalently the Peskin-
Takeuchi T parameter.3 A doublet with large mass splitting gives a contribution

∆T =
1

32π2αv2
[f(MH± ,MH0) + f(MH± ,MA0)− f(MA0 ,MH0)] (5)
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λ1 λ2 λ3 λ4 λ5 Mh MH0 MA0 MH± hBR WBR

I -0.11 0 5.4 -2.8 -2.8 120 12 405 405 100% 0%
I -0.11 -2 5.4 -2.7 -2.7 120 43 395 395 100% 0%
I -0.11 -3 5.4 -2.6 -2.6 120 72 390 390 94% 6 %
I -0.30 0 7.6 -4.1 -4.1 180 12 495 495 100% 0 %
I -0.30 -2.5 7.6 -3.8 -3.8 180 64 470 470 100% 0 %
II -0.29 -5 -0.07 5.5 -5.53 150 54 535 63 0% 100 %

Table 1: Instances of parameters with WMAP DM abundance. Also given are the relative contribution of Higgs
mediated annihilation (hBR) and gauge processes (WBR).

with f(m1,m2) = (m2
1 + m2

2)/2 − m2
1m

2
2/(m

2
1 − m2

2) ln(m
2
1/m

2
2).
6 To give an idea of what is

going on, the contribution from MH± ∼ 450 GeV and MDM ∼ 75 GeV tree level masses gives
∆T ∼ 1, while electroweak precision measurements impose |∆T | ∼< 0.2. There is however
a nice and painless cure to this problem: as a quick inspection of Eq. (5) reveals, if either
H0 or A0 is degenerate with H±, the contribution of the inert doublet to the ∆T parameter
vanishes identically. Physically, this is due to the existence of a custodial symmetry in the limit
MH± = MA0 or MH± = MH0 (i.e. λ4 = ±λ5). Technically, an exact or approximate custodial
symmetry does not only avoid large corrections to the T parameter. It also implies that it is no
fine tuning to take, for instance, the DM particle to be much lighter than the other components
of the inert doublet (i.e. λL or λS much different from the other quartic couplings) as required
by the EWSB and DM constraints.

From the three constraints above, we can now consider four cases, see the numerical examples
of Table 1. Case I corresponds to a light H0 and to two heavy, nearly degenerate A0 and H±

(i.e. mH0 << mA0  mH+ or λL << λS  λ3). Case II has a reversed hierarchy, i.e.
mH0 ∼< mH+ << mA0 or λL ∼< λ3 << λS). The two last corresponds to A0 as the DM
candidate, with mA0 << mH0  mH+ (case III) and mA0 ∼< mH+ << mH0 (case IV). Cases III
and IV can be obtained from cases I and II simply by switching H0 with A0. This leaves the
relic density unchanged, so that Table 1 is relevant for these cases too.

All the examples of Table 1 have a DM abundance in agreement with WMAP data. As
announced, we observe that some of the quartic couplings must be large. Also, in all the
working cases the DM mass is below MW . In Case I (similarly case III), the DM abundance is
determined by its annihilation through the Higgs particle only and thus depends on Mh and the
effective trilinear hH0H0 coupling, i.e. λeff

L above. For various, albeit large, couplings we found
the correct abundance for DM masses in the range MH0 ∼ (10− 72) GeV. Below this range, the
Higgs mediated annihilation is too suppressed. For this calculation the one-loop contribution to
λeff

L is important in some cases. In case II (resp. case IV) coannihilation through the W+ can
play a role if the H+ −H0 (resp. H+ − A0) splitting is not too large. Notice that the masses
of H± quoted in Table 1 are consistent with collider data because the H+ does not couple to
fermions, is short lived and, if MH± > MZ/2, does not contribute to the width of the Z boson.

Imposing the perturbativity condition that the quartic couplings λ3,L,S are smaller than e.g.
2π or 4π gives Mh ∼< 80 GeV or Mh ∼< 175 GeV in Cases II and IV while for Cases I and III
we have Mh ∼< 150 GeV or Mh ∼< 350 GeV. We have checked that these Mh bounds can be
saturated, keeping ΩDM ∼ 0.22.

In the Table we considered only the case µ1 = µ2 = 0 because it is a particularly clear
and intriguing case. It shows an example of model where starting from no scale at all, through
dimensional transmutation, one can generate all scales of the SM. This cannot be realized in
the SM but can work adding to the SM the DM particle, which anyway has to be added to the
SM, as in the inert Higgs doublet model. Moreover it shows clearly that it is possible to work
in a regime where both DM mass scale and electroweak scale are directly related to a small
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unique scale. The later feature holds more generally as long as µ1,2 are small with respect to the
electroweak scale. In view of the hierarchy problem it is however difficult to justify the strict
µ1 = µ2 = 0 conformal case. Note also that this scenario of EWSB driven by DM can be realized
over a large parameter range beyond the case µ1, µ2 = 0. In particular in the case µ2

1 > 0.
The existence of a second Higgs doublet has several consequences for colliders.12 The main

ones is that if mDM < mh/2, the Higgs can decay invisibly to a pair of DM particles. This leads
to a smaller branching ratio of h → bb̄, and thus to a slightly lower bound on the Higgs mass
from LEP data: Mh > 105 GeV instead of 114.4 GeV.3 Similarly the suppression of the visible
branching ratios render more difficult but not impossible the search for the Higgs boson at LHC.
Possibility of tests at LHC, by producing the inert Higgs doublet components, do exist.12

5 Summary

We have shown that Dark Matter in the form of the lightest neutral component of a single
inert scalar doublet could be responsible for EWSB. As a result of all constraints we get the
bound on the mass of the Higgs Mh ∼< 350 GeV while the mass of dark matter is in the range
MDM ∼ (10− 72) GeV. Such a DM candidate is in a range of couplings that makes it accessible
to both direct (ZEPLIN, Xenon,...) and indirect (GLAST) future searches (cf Figure 5 of 8).
Another interesting feature of our framework is that it provides a hint for why the DM mass
would be around the electroweak scale, as required by the WIMP paradigm, i.e. MDM ∝ v in
our scenario in a large part of the parameter space.
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HOLOGRAPHIC MODELS OF ELECTROWEAK SYMMETRY BREAKING

GUSTAVO BURDMAN

Physics Institute, University of Sao Paulo, R. do Matao 187, Travessa R,

Cidade Universitaria, Sao Paulo, Brazil

We review the status of models of electroweak symmetry breaking in a slice of anti–de Sit-
ter space. These models can be thought of as dual to strongly interacting theories of the
electroweak scale. After an introduction to some generic issues in bulk theories in AdS5, we
concentrate on the model-building of the Higgs sector.

1 The Hierarchy Problem and Strong Dynamics

As the Large Hadron Collider (LHC) gets close to start taking data, we continue to ponder
what new physics could appear at the TeV scale. In the standard model (SM) the electroweak
symmetry is broken by a scalar doublet. This implies the existence of an elementary Higgs
boson that must be relatively light (< 1 TeV) to unitarize electroweak scattering amplitudes,
even lighter to satisfy electroweak precision constraints. However, its mass, and with it the
electroweak scale, is unstable under radiative corrections. In order to keep it below the TeV
scale and close to v ≃ 246 GeV, the bare mass parameter (presumably controlled by ultra-
violet physics) must be finely adjusted to cancel against quadratically divergent loop corrections
driven by the SM states. The need for this cancellation is highly unnatural and is called the
hierarchy problem. In order for naturalness to be restored, new physics must cancel the quadratic
divergences at a scale not far above the TeV scale.

The solution of the hierarchy problem is likely to shed light on the origin of electroweak
symmetry breaking (EWSB). We can classify scenarios of new physics beyond the SM by how
they solve the hierarchy problem. For instance, in supersymmetric theories at the weak scale 1,
the quadratic divergences in the Higgs mass squared are canceled by the contributions of super-
partners of the SM particles. Soft SUSY breaking allows for enough contributions to m2

h to
trigger EWSB radiatively.
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An alternative to solve the hierarchy problem is the possibility that some sort of new strong
dynamics is present at or just above the TeV scale 2. For instance, in Technicolor theories 3,4 the
new strong interaction becomes strong enough at the TeV scale to trigger the condensation of
Techni-fermions. If some of these are SU(2)L doublets, this triggers EWSB. There is no Higgs in
this type of QCD-like scenario. The hierarchy problem is solved by dimensional transmutation,
i.e. just as in the strong interactions the coupling becomes strong at low energies triggering
EWSB naturally. The TeV scale is encoded in the running of this new strong coupling in the
same way that the typical scale of hadronic physics (∼ 1 GeV) is encoded in the running of αs.

The trouble starts when one tries to construct the operators responsible for fermion masses.
For this purpose one needs to extend the gauge group in Extended Technicolor (ETC) models.
If at some energy scale ΛETC the ETC gauge bosons acquire masses, they generate four-fermion
operators involving both fermions and Techni-fermions:

g2ETC
M2

ETC

f̄LfRT̄RTL (1)

At the lower TC scale ΛTC, the formation of the Techni-condensate �T̄LTR� ∼ Λ3
TC results in a

fermion mass of the order of

mf ≃ g2ETC
M2

ETC

Λ3
TC (2)

Clearly, if one wants to explain the fermion mass hierarchy one needs either several very dif-
ferent ETC scales, or some non-standard type of dynamics, most probably both. Particularly
troublesome for ETC models are heavier masses, say above the charm mass. To obtain the top
mass the ETC mechanism fails given than the ETC scale should be right on top of the TC scale.

Several complications of the ETC/TC idea allow for the fermion mass hierarchy (tumbling 5,
walking TC 6) and even for the top quark mass (top-color assisted TC 7). In any case, it is
clear that the dynamics associated with TC/ETC models must be quite different from that of a
simple scaled up QCD-type theory. In addition to their problems with the generation of fermion
masses, scaled up QCD TC models tend to predict a rather large S parameter

S ≃ N

6π
(3)

where N = NtcND is the product of the number of Techni-colors and the number of weak
doublets.

Despite all these problems, the idea that a new strong interaction at or just above the TeV
scale is responsible for EWSB (and solves the hierarchy problem) remains attractive. Perhaps
the new strong interaction is quite different from QCD and we do not have yet neither the
theoretical tools nor the experimental guidance needed to build it.

2 Building Strongly Coupled Theories in AdS5

Fortunately, there is a way to build a large array of strongly coupled theories of EWSB by using
the AdS/CFT correspondence 8. The conjecture relates a Type IIB string theory on AdS5 × S5
with a four-dimensional N = 4 SU(N) gauge theory, which is a conformal field theory. By
extension, we can assume that at low energies we can describe the string theory by a higher
dimensional field theory. As long as the AdS radius RAdS is much larger than the string scale
ℓs the description in the higher-dimensional theory is weakly coupled. On the other hand, this
leads to g̃N ≫ 1, where g̃ is the gauge coupling of the Yang-Mills theory. Then, the description
of a weakly coupled theory in AdS5 corresponds to a strongly coupled four-dimensional theory.
We can think of the large N limit of the 4D gauge theory in terms of planar diagrams, which in
turn are reminiscent of a loop expansion in the topology of the world-sheet in string theory.
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In the original AdS/CFT correspondence, the boundary of AdS space is set at infinity, and is
just a Minkowski 4D boundary. The corresponding 4D theory is exactly conformal, and therefore
is not suitable for building models of EWSB. For our purposes, we want to consider an ultra-violet
(UV) cutoff of the 4D theory, corresponding to a UV boundary at a finite coordinate in the extra
dimension. Also, in order to obtain the description of an interesting strongly coupled theory,
we require that the 4D gauge theory leads to non-trivial dynamics which triggers EWSB. This
infra-red (IR) physics can be mimicked in the 5D theory by the appearance of an IR boundary.
Thus, if we put the UV boundary at the origin of the extra dimension, y = 0, the statement of
the AdS/CFT reads

�
[Dφ0]e

i SUV[φ0]
�

[DφCFT]ei SCFT[φCFT]+i
�
d4xφ0O

=

�
[Dφ0]e

i SUV[φ0]
�

φ0

[Dφ]eiSbulk[φ] (4)

where O is an operator in the strongly coupled 4D theory, and φ0 ≡ φ(x, y = 0) is a UV
boundary field which acts as a source for the 4D operator O. The correspondence in Eq. (4)
states the the 4D action is equivalent to the effective action for the source field φ0 on the UV
boundary, which is obtained by integrating over the bulk degrees of freedom of φ(x, y):

ei Seff.[φ0] =

�

φ0

[Dφ]eiSbulk[φ] (5)

Then, n-point functions of the 4D theory can be obtained by using Seff.[φ0] as a generating
functional. It is in this sense that the bulk degrees of freedom are determining the dynamics of
the 4D theory.

We then see that for us to build models of strongly coupled theories, for instance to explain
EWSB, we must specify a weakly coupled 5D theory in AdS5. The type of strongly coupled
theories that we can build this way is not completely general. For instance, it requires that it
be “large N”, which should in principle translate in the presence of narrow resonances. In what
follows we consider the steps to build such theories.

2.1 Solving the Hierarchy Problem in a slice of AdS5

The starting point to build theories of EWSB using holography is the Randall-Sundrum setup
as a solution of the hierarchy problem 9. We consider an extra dimension compactified on an
orbifold, i.e. S1/Z2, with the metric

ds2 = e−2 k yηµνdxµdxν − dy2 , (6)

where k ∼ MP is the AdS curvature. The orbifold compactification S1/Z2 results in a slice of
AdS in the interval [0, πR], with R the compactification radius. This metric is a solution of
Einstein’s equations if we fine-tune the bulk cosmological constant to cancel the brane tensions.
This choice of metric means that the graviton’s wave-function is exponentially suppressed away
from the origin. In general, this metric exponentially suppresses all energy scales away from the
origin. Then, if the Higgs field is localized a distance L = πR from the origin,

SH =

�
d4x

� πR

0
dy

√
g δ(y − πR)

�
gµν∂µH

†∂νH − λ
�
|H|2 − v20

�2�
(7)

where λ is the Higgs self-coupling and v0 is its vacuum expectation value (VEV). The latter
must satisfy v0 ∼ k for the theory to be technically natural. Taking into account the exponential
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factors in gµν and
√
g, the renormalization of the Higgs field required to render its kinetic term

canonical results in an effective four-dimensional VEV given by

v = e−kπR v0 (8)

Thus, in order for the weak scale v ≃ 246 GeV to arise at the fixed point in y = πR, we need
kR ∼ (10− 12). Then, if the Higgs is for some reason localized at or nearly at this location, this
setup constitutes a solution to the hierarchy problem.

In the original Randall-Sundrum (RS) proposal only gravity propagates in the extra di-
mension. However, this presents several problems, mostly associated with the fact that is not
possible to sufficiently suppress higher-dimensional operators. For instance, operators mediating
flavor violation might only be suppressed by the TeV scale, k e−kπR. Grand Unified Theories
(GUTs) might not be viable since we cannot effectively suppress proton decay. Many of these
problems are solved when fermions and gauge bosons are allowed in the AdS5 bulk. In fact,
in order to solve the hierarchy problem, the only field that must remain localized near the πR
or TeV brane is the Higgs. In addition, allowing the standard model fields in the bulk opens
up a large number of model building possibilities including viable GUTs 10 and the modeling
of the origin of flavor 11,12 just to mention two very prominent cases. But most importantly, it
gives us a tool to build models of EWSB that address its dynamical origin. In building bulk
models of EWSB we must dynamically explain why is the Higgs localized near the TeV brane.
Building such models is like constructing strongly coupled theories of EWSB but from a different
perspective.

2.2 Bulk RS Theories and the Origin of Flavor

Writing a theory in the bulk require several ingredients. First, we must decide what the gauge
symmetry should be. It turns out that the SM electroweak symmetry, SU(2)L × U(1)Y , is
not suitable for this since it results in a large value of the parameter T . The reason is that
there is large explicit isospin violation in the bulk: in addition to the SM-sanctioned isospin
violation proportional to g′/g = tan θW , the bulk adds the isospin violation of the Kaluza-Klein
(KK) modes of the SM gauge fields. As a consequence, it is necessary to implement a gauge
symmetry that would exhibit isospin symmetry in the bulk. A minimal extension of the SM
with this feature is SU(2)L×SU(2)R×U(1)X . This bulk symmetry may be broken by boundary
conditions to the SM gauge group or directly to U(1)EM. Additional discrete symmetries may
be imposed to protect the Z → b̄b coupling from large deviations 15.

One important consequence of writing a bulk theory, is that the KK states would start from
masses of the order ofMKK ∼ O(1) TeV, independently of whether they correspond to fermions,
gauge bosons or even scalars. This also means that the wave-function of the KK excitations in
the extra dimension also peaks at y = πR, i.e. at the TeV brane. This is related to the fact that
position in the bulk can be thought of as an energy scale, and is a generic feature independent
of the model considered.

Another important issue is the localization of zero modes in the bulk, i.e. their effective 5D
wave-function. The strength of couplings between zero-modes and KK modes and, since the
Higgs is TeV-localized, of the zero-mode fermion Yukawas, are determined by this. Fermions
propagating in the bulk can have a mass term (as long as we assume is an odd mass term).
The natural order of magnitude of this fermion bulk mass is k, the only dimensionfull bulk
parameter. We can then write the bulk fermion mass as

Mf = cf k (9)

where cf ≃ O(1). Expanding the 5D fermion Ψ(x, y) in KK modes and solving the equation of
motion for the zero mode we see that its bulk wave-function, for instance for a left-handed zero
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Figure 1: Localization of left-handed fermion zero-modes by variations of O(1) in the bulk mass parameter.

mode, behaves like 11

FLZM(y) ∼ e( 1
2
−cL) ky (10)

Then, if cL > 1/2 the zero-mode fermion is localized towards the Planck brane, whereas if
cL < 1/2 it would be localized near the TeV brane. For a right-handed zero mode, localization
near the Planck bran occurs if cR < −1/2, and near the TeV brane if cR > −1/2. If a zero mode
fermion has a large wave-function near the TeV brane it has also a large overlap with the Higgs,
which has to be localized there. Thus, heavier fermions must have a wave-function towards the
TeV brane, whereas light fermions must be essentially Plank-brane localized in order to explain
their small Yukawa couplings. We see then that fermion localization in the AdS5 bulk provides
a potential explanation for the hierarchy of fermion masses in the SM. This emerging picture
of flavor requires that the top quark be highly localized towards the TeV brane. Furthermore,
the left-handed third-generation doublet contains the left-handed b quark, which then also has
to have a substantial TeV localization. The rest of the zero-mode fermions must be localized
mostly near the Plank brane. Since the zero-mode gauge bosons are flat in the extra dimension,
this does not affect the universality of the zero-mode gauge couplings. However, the KK modes
of gauge bosons are TeV-brane localized, and then couple stronger to the TeV-brane localized
fermions, i.e. the third generation. The couplings of light fermions to KK gauge bosons are
nearly universal, making low energy flavor phenomenology viable, even in the presence of tree-
level flavor violation. Also since light fermions are localized near the Plank brane, the scale
suppressing higher dimensional operators responsible for proton decay is again MP .

Then any sign of the characteristic tree-level flavor violation would have to appear in the
interactions of the third generation quarks with the KK gauge bosons. Although these would
have potentially important effects in flavor physics 16,17, a direct observation of the KK gluon
decay into a single top and a jet, coming most likely from G(1) → tc̄, would be an unambiguous
signal of this theory of flavor 18.

Finally, a word about electroweak precision constraints. Since the bulk gauge theory has an
isospin symmetry built in, we need not worry about the theory generating a large T parameter.
However, this class of models all share the same problem with the S parameter. They have an
S parameter which is approximately 13,19,20

Stree ≃ 12π
v2

M2
KK

, (11)

which results in a bound of about MKK > 2.5 TeV. This is a feature we have to live with in
most bulk RS constructions. We can interpret this in the dual 4D picture, as the fact that in
the 4D theory we have a large N , which enter in Stree ∼ N

π , where N is typically the size of
the 4D gauge group. This can in principle be made considerably smaller if the light fermions
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Figure 2: Cartoon representation of bulk RS models.

are allowed out of the Plank brane region and have almost flat profiles in the extra dimensions.
Essentially this decouples them from the KK modes and avoids Stree

13. But this picture would
lack a solution to the fermion mass hierarchy.

3 Electroweak Symmetry Breaking from AdS5

We have arrived at a general picture of these kind of models in AdS5:

• The Higgs is TeV-brane localized in order to solve the gauge hierarchy problem

• Fermion localization explains the fermion mass hierarchy: light fermions are Plank-brane
localized resulting in small Yukawa couplings. Heavier fermions are TeV-brane localized
(tR, tL and bL).

• The bulk gauge symmetry must be enlarged to protect isospin, to be at least SU(2)L ×
SU(2)R × U(1)X .

This is already quite a rich structure with a very interesting phenomenology and lots of model
building possibilities beyond EWSB and fermion masses. However, if these models are dual to
a strongly coupled theory in four dimensions, as the presence of the resonances (i.e. the KK
modes) appears to suggest, then we must be a bit disappointed with the Higgs sector. What
keeps the Higgs localized to the TeV brane ? Do we have to have a Higgs at all ? In what
follows we briefly discuss three possibilities for the Higgs sector in these theories.

3.1 Higgsless EWSB in AdS5

In the absence of a Higgs, the bulk gauge symmetry must be broken directly to U(1)EM by
boundary conditions (BC) for the bulk gauge fields at the fixed point of the extra dimension.
On the Plank brane the BC are such that the bulk gauge symmetry breaks as 14

SU(2)R × U(1)X −→ U(1)Y , at y = 0 (12)

On the other hand, on the TeV brane

SU(2)L × SU(2)R −→ SU(2)V , at y = πR (13)

in such a way that it it preserves custodial symmetry. Then the gauge symmetry in the bulk has
a gauged version of the SM custodial symmetry. This remains as a remnant global symmetry,
resulting in the correct masses for the W and the Z.

More problematic in these models is how to give fermions their masses. Zero-mode fermions
can obtain isospin conserving masses through a TeV-brane localized mass term. Since SU(2)V
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is not broken there, isospin splitting is not generated by these terms. In order to achieve the
freedom to have the correct mass spectrum one must introduce the following bulk spectrum
(schematically and only for the third generation case):

ΨL = (tL, bL) (2,1)1/6

ΨR = (tR, b
′
R) (1,2)1/6 (14)

Ψ′
R = (t′R, bR) (1,2)1/6

Each of these bulk fermions contains both left and right handed components. We can choose
the BCs so that the zero-modes of ΨL correspond to the third generation left-handed quark
doublet, the zero mode of ΨR is the right-handed top tR, and the one corresponding to Ψ′

R is
bR. Mass terms localized in the TeV brane gives rise to fermion masses. It is still true that
the larger the zero-mode wave-function is at the TeV brane, the larger its mass would be. But
the top mass cannot be so easily adjusted. The reason is that there is a tension between the
TeV localization of the top, which if too extreme produces noticeable deviation in the Zb̄LbL
coupling, and the size of the isospin conserving TeV localized mass. The latter cannot be too
large or it would induce a large mixing between b′R and the b-quark’s zero mode through the
mass term responsible for the top quark mass. This would again result in a deviation of Zb̄LbL.
A way to circumvent this problem is to extend the custodial symmetry by a discrete symmetry15,
PLR that relates the two SU(2)’s. In order to protect the bL coupling, it must be included in a
bi-doublet of SU(2)L×SU(2)R. Then the right-handed fermions could be in singlets or triplets
of the SU(2)’s. For instance, if tR ∼ (1,1)2/3, then it does not contain any fermion that could
mix with the left-handed b. On the other hand, the field resulting in the right-handed zero mode
would have to be a full O(4) triplet ΨR ∼ (3,1)2/3 ⊕ (1,3)2/3 resulting in a distinct spectrum
of KK fermions 22.

But the most important signal of this scenario stems from the absence of the Higgs as a
unitarizing field in V V scattering 21, with V = W±, Z. The unitarization of these amplitudes,
unlike in other strongly coupled theories such as (4D) Techni-color, is the result of the pres-
ence of the narrow resonances that are the KK modes of the gauge bosons. The constraint of
unitarization imposes sum rules on the couplings. For instance,

gWWWW = g2WWZ + g2WWγ +
�
n

(gWWV (n))2

=
3

4M2
W

�
gWWZ

2M2
Z +

�
n

(gWWV (n))2M2
n

�

The requirement of unitarity of gauge boson scattering amplitudes means that the KK modes of
gauge bosons cannot be too heavy. For example, if one wants to preserve perturbative unitarity,
they must be below the TeV scale. Higgsless models in AdS5 are then characterized by relatively
low mass KK excitations.

3.2 Gauge-Higgs Unification

A remarkable mechanism to obtain a Higgs field naturally localized near the TeV, naturally light
and suitable for EWSB is that in which the Higgs comes from a gauge field in 5D. In general, a
5D gauge field AM (x, y), M = 0, 1, 2, 3, 5, can be decomposed in a vector Aµ(x, y) and a scalar
component A5(x, y). If we want to extract the Higgs SU(2)L doublet from a gauge field in 5D,
then the gauge symmetry in 5D has to be enlarged beyond the SM gauge symmetry. In order
to illustrate how this works let us take a simple example, an SU(3) bulk gauge theory 23. We
can use BCs to break this gauge symmetry as SU(3) → SU(2)L ×U(1)Y . By choosing the BCs
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appropriately, the gauge fields are

taAaµ :







(+,+) (+,+) (−,−)
(+,+) (+,+) (−,−)

(−,−) (−,−) (+,+)







taAa5 :







(−,−) (−,−) (+,+)
(−,−) (−,−) (+,+)

(+,+) (+,+) (−,−)







where a = 1, 2, 3 is the SU(3) adjoint index and ta are the SU(3) generators, and we use the fact
that the BCs for the Aa5(x, y) are always opposite from those for Aaµ(x, y). The signs correspond
to the BCs in the Plank and TeV branes respectively. Thus, we see that the spectrum of
zero-mode gauge bosons corresponds to SU(2) × U(1) as the gauge symmetry. The symmetry
has been reduced or broken by this choice of BCs. Furthermore, we see that the Aa5(x, y)’s
corresponding to the “broken” generators, i.e. the generators for which Aaµ(x, y) does not have
a zero mode, have zero modes (i.e. (+,+) BCs). In fact, these constitute four real degrees of
freedom that can be seen to be a doublet of SU(2) and its adjoint. Then, we can identify this
SU(2) doublet with the Higgs. In the case of an AdS5 metric, if we impose the unitary gauge,
this results in

∂y(ke
−ky A5(x, y)) = 0, (15)

which results in a scalar doublet with a profile localized towards the TeV brane. Thus, we
achieved Higgs TeV-brane localization and extracted the Higgs from a gauge field in the bulk.
These models are clearly related to Little Higgs theories, where the Higgs is a (pseudo-)Nambu-
Goldstone boson (pNGB): the Higgs is associated to the broken generators of a symmetry,
which from the 4D interpretation would be a global one. It cannot have a potential since shift
symmetry (the remnant gauge symmetry for the Aa5 zero-modes) forbids it. Thus, these models
should be dual to 4D theories of a composite Higgs, where the Higgs is a pNGB.

This simple SU(3) model of Gauge-Higgs unification has a lot of the features that we want.
However, it does not have custodial symmetry in the bulk. The way to cure this is to simply
enlarge the bulk gauge symmetry. The minimal realistic model of Gauge-Higgs unification
in AdS5 requires that we start with SO(5) × U(1)X broken down to SO(4) × U(1)X on the
TeV brane, whereas it is reduced to SU(2)L × U(1)Y on the Plank brane 24. Just as in the
previous case, in the unitary gauge only the Aa5(x, y)’s associated with the broken generators,
i.e. transforming in the coset space SO(5)/SO(4), have zero modes. These are arranged in a 4
of SO(4), or a bi-doublet of SU(2)L × SU(2)R.

Fermion masses are not very problematic and can be obtained by localization just as in the
generic models with a TeV-brane localized Higgs. Regarding electroweak precision constraints,
these models can evade them more efficiently. In particular, the S parameter can be made
in agreement with experiment for gauge KK masses above 2 TeV. On the other hand, KK
fermions could be quite a bit lighter, especially once the additional discrete custodial symmetry
is introduced in order to keep the Z → b̄LbL in check. For instance, possible embeddings are 25

52/3 = (2,2) ⊕ (1,1) (16)

or in a
102/3 = (2,2) ⊕ (1,3) ⊕ (3,1) (17)

With it, KK fermions can be as light as 500 GeV, and in some cases would have exotic charge
assignments. The main reason for some KK fermions to be this light has to do with the need
to get the top mass correctly. There are striking signals at the LHC, for instance from the pair
production of charge 5/3 KK fermions, a distinct signature for the presence of the extended
custodial symmetry 25,26.
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3.3 Higgs from Fermion Condensation

Another alternative to dynamically generate the Higgs sector of the bulk Randall-Sundrum
scenario is the condensation of zero-mode fermions. Since the localization of fermions near the
TeV brane implies they must have strong couplings to the KK excitations of gauge bosons,
it is possible that the induced four-fermion interaction is strong enough to result in fermion
condensation, thus triggering EWSB. Among the SM fermions, the candidate would be the top
quark: it has the strongest localization toward the TeV brane, therefore the largest coupling to
KK gauge bosons, particularly the first excitation of the KK gluon. The four-fermion interaction
would result in a top-condensation scenario. But we already know that this does not work if
the scale of the underlying interaction is O(1) TeV, as we expect the KK gluon mass to be.
The problem is that the mass of the condensing fermion should be about 600 GeV in order for
the condensation to result in the correct weak scale, v ≃ 246 GeV. We can then consider the
possibility of a fourth generation, one that is highly localized near the TeV brane, more than the
top quark. This results in a effective four-fermion interaction -mostly mediated by KK gluons-
that is attractive enough to trigger the condensation of at least one of the fourth-generation
quarks. For instance, the up-type fourth-generation quark U has a four-fermion interaction
given by

−g
L
01 g

R
01

M2
KK

�
ŪLγµt

AUL
� �
ŪRγ

xµtAUR
�
, (18)

where gL,R01 are the couplings of the left and right-handed U quarks to the first KK mode of the
gluon of mass MKK, and tA are the QCD generators.After Fierz rearrangement, we can re-write
this interaction as

g2U
M2

KK

�
ŪaLU

a
R Ū

b
LU

b
R − 1

Nc
ŪaLU

b
R Ū

b
LU

a
R

�
, (19)

where a, b are SU(3)c indices, and we have defined

g2U ≡ gL01 gR01 . (20)

The color singlet term in (19) is attractive, whereas the color octet is repulsive, as well as
suppressed by 1/Nc. There is a critical value of g2U above which there forms a condensate
�ŪL UR� leading to electroweak symmetry breaking and dynamical masses for the condensing
fermions. This is

g2U >
8π2

Nc
. (21)

One can also write an effective theory in terms of a scalar doublet which becomes dynamical at
low energies. So this theory gets a composite Higgs that is heavy and made of the already mostly-
composite fourth-generation up quarks. The U quark gets a large dynamical mass. All other
zero-mode fermions, including the SM fermions and the other fourth-generation zero-modes, get
masses through four-fermion interactions with the U quark. These operators come from bulk
higher dimensional operators such as

�
dy

√
g
Cijkℓ

M3
P

Ψ̄i
L(x, y)Ψ

j
R(x, y)Ψ̄k

R(x, y)Ψℓ
L(x, y) , (22)

where Cijkℓ are generic coefficients, with i, j, k, ℓ standing for generation indices as well as other
indices such as isospin, and the Ψ(x, y)’s can be bulk quarks or leptons. Upon condensation of
the U quarks these result in fermion masses that have the desired pattern as long as we choose
the localization parameters appropriately.

These models have roughly the same S parameter problem as the generic ones. But to the
tree-level S, now we must add also the loop contributions coming from a heavy Higgs as well as
from the fourth-generation. These are, however, not as large as Stree.
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The masses of the fourth-generation zero modes could be as small as 300 GeV due to mixing
with KK modes, and as large as ∼ 600 GeV. The Higgs is typically rather heavy, in the (700 −
900) GeV range.

The phenomenology of these models is quite different from the three-generation RS models
due to the fact that the fourth generation is the one that couples strongest to the KK gauge
bosons, i.e. to the new physics in the s channel 28. For instance the branching ratio of a KK
gauge boson to U (1)Ū (1) is likely to be 5 − 10 times larger than that for the tt̄ channel, which
is the one always dominating in three-generation RS models. Also the KK gluon tends to be
very broad and can only be seen as an excess in the production of the fourth-generation, which
is dominated by QCD. In general, all KK gauge bosons will be considerably broader, although
electroweak KK gauge bosons might have more manageable widths.

4 Conclusions

Model building in a slice of AdS5 extends the Randall-Sundrum solution to the hierarchy prob-
lem, and opens up the possibility of addressing dynamically the origin of EWSB and fermion
masses, among other things. Through the AdS/CFT correspondence we can see that these
weakly coupled 5D theories are dual to strongly coupled 4D gauge theories. Thus, building bulk
RS theories of EWSB corresponds, through holography, to certain strongly coupled electroweak
sectors. Although the type of strongly coupled theory is not completely generic, this procedure
gives us access to a large variety of strongly coupled theories of the electroweak sector.

In addition to solving the hierarchy problem, RS bulk models provide a framework to un-
derstand the hierarchy of fermion masses. This implies the presence of tree-level flavor violation
with KK gauge bosons. Rigorous compatibility with low energy data may require some level of
flavor symmetry in the bulk. However, this is not surprising since fermion localization already
signaled some amount of flavor breaking in the UV. The central point is that the metric in AdS5
provides the necessary large scale separation between the light and the heavy fermions.

Finally, there are several alternatives for the Higgs sector. Higgsless models are viable,
although require some measure of fine-tuning to cancel contributions to Z → bLb̄L. Gauge-
Higgs unification models are very promising and in best agreement with electroweak precision
constraints. They provide a dynamical origin for the localization of the Higgs near the TeV
brane, and in the Holographic dual correspond to a composite pNGB Higgs. Finally, another
alternative to localize a composite Higgs near the TeV brane, is the condensation of fourth-
generation quarks via the attractive four-fermion interaction mediated mostly by the KK gluon.
This is a distinct possibility, a realization of the fourth-generation condensation proposed long
ago by Bardeen, Hill and Lindner 29. These three Higgs sector possibilities have very different
phenomenology and should be distinguishable at the LHC.
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ELECTROWEAK CONSTRAINTS ON SEE-SAW MESSENGERS AND THEIR

IMPLICATIONS FOR LHC
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Departmento de F́ısica Teórica y del Cosmos and CAFPE,

Universidad de Granada, E-18071 Granada, Spain

We review the present electroweak precision data constraints on the mediators of the three
types of see-saw mechanisms. Except in the see-saw mechanism of type I, with the heavy
neutrino singlets being mainly produced through their mixing with the Standard Model lep-
tons, LHC will be able to discover or put limits on new scalar (see-saw of type II) and lepton
(see-saw of type III) triplets near the TeV. If discovered, it may be possible in the simplest
models to measure the light neutrino mass and mixing properties that neutrino oscillation
experiments are insensitive to.

1 Introduction

As it is well known, the original see-saw mechanism 1, nowadays called of type I, explains the
smallness of the light neutrino masses |mν | ∼ 1 eV invoking a very heavy Majorana neutrino
MN ∼ 1014 GeV:

|mν | �
v2|λ|2
MN

� |V ∗|2MN , (1)

where |λ| ∼ 1 is the corresponding Yukawa coupling and v � 246 GeV the electroweak vacuum
expectation value. For reviews see 2,3. Alternatively, if the heavy scale is at the LHC reach
MN ∼ 1 TeV, it requires a very small heavy–light mixing angle |V | ∼ 10−6. In its simplest
form the model cannot be tested at large colliders, because the heavy neutrino N is a Standard
Model (SM) singlet and only couples to SM gauge bosons through its mixing V . Hence it is
produced through the vertex −g/

√
2 �γµV�NPLNW−

µ , with � a charged lepton, with a cross
section proportional to |V�N |2, which is strongly suppressed. See Fig. 1-(I). There are two other
types of see-saw mechanism giving tree level Majorana masses to the light neutrinos ν, as shown
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Figure 1: Examples of production diagrams for same-sign dilepton signals, l+l(
�)+X, mediated by the three types

of see-saw messengers.
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Figure 2: See-saw mechanisms of type I, II and III. λN , λ∆ and λΣ are the Yukawa coupling matrices in the

Lagrangian terms −lLφ̃λ
†
NNR, l̃Lλ∆(�σ · �∆)lL and −�ΣRλΣ(φ̃

† �σ
2
lL), respectively, with l̃L = −lTLCiσ2 and C the

spinor charge conjugation matrix. Whereas µ∆ is the coefficient of the scalar potential term φ̃†(�σ · �∆)†φ.

in Fig. 2. In all cases the extra particles contribute at low energies to the dimension 5 lepton
number (LN) violating operator 4

(O5)ij = (liL)cφ̃∗φ̃†ljL → v2

2
(νi)cνj (with l =

�

ν
�

�

and φ̃ = iσ2φ
∗) , (2)

which gives Majorana masses to light neutrinos after spontaneous symmetry breaking. The
see-saw of type II 5 in Fig. 2 is mediated by an SU(2)L scalar triplet ∆ of hypercharge Y = 1,
implying three new complex scalars of charges Q = T3 + Y : ∆++,∆+,∆0. The see-saw of type
III 6 exchanges an SU(2)L fermion triplet Σ of hypercharge Y = 0, assumed to be Majorana
and containing charged leptons Σ± and a Majorana neutrino Σ0. The main difference for LHC
detection is that the see-saw messengers for these last two mechanisms can be produced by
unsuppressed processes of electroweak size (Fig. 1). Their decay, even if suppressed by small
couplings, can take place within the detector due to the large mass of the new particle. All three
types of see-saw messengers produce LN conserving as well as LN violating signals, but the
former have much larger backgrounds. On the other hand, same-sign dilepton signals, l±l(

�)±X,
do not have to be necessarily LN violating. Thus, in the example in Fig. 1–(II), the decay
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coupling λ∆ needs not be very small because it is only one of the factors entering in the LN
violating expression for ν masses (see Table 1). In fact, this process is LN conserving as we can

Table 1: Coefficients of the operators up to dimension 6 arising from the integration of the heavy fields involved in
each see-saw model. The parameters λ3 and λ5 are the coefficients of the scalar potential terms −(φ†

φ)(�∆†�∆) and
−(�∆†

Ti
�∆)(φ†

σiφ), respectively, and (λe)jj the diagonalised SM charged-lepton Yukawa couplings. The remaining
parameters are defined in the caption of Fig. 2.

Coefficient Type I Type II Type III

α4 − 2 |µ∆|2
M2

∆
−

(α5)ij

Λ
1
2

(λT
N )ia(λN )aj

MNa
−2

µ∆(λ∆)ij

M2
∆

1
8

(λT
Σ)ia(λΣ)aj

MΣa

(α
(1)
φl

)ij

Λ2
1
4

(λ†
N )ia(λN )aj

M2
Na

− 3
16

(λ†
Σ)ia(λΣ)aj

M2
Σa

(α
(3)
φl )ij

Λ2 − (α
(1)
φl )ij

Λ2 − 1
3

(α
(1)
φl )ij

Λ2

(α
(1)
ll

)ijkl

Λ2 − 2
(λ∆)jl(λ

†
∆)ki

M2
∆

−
αφ

Λ2 − −6(λ3 + λ5)
|µ∆|2
M4

∆
−

α
(1)
φ

Λ2 − 4 |µ∆|2
M4

∆
−

α
(3)
φ

Λ2 − 4 |µ∆|2
M4

∆
−

(αeφ)ij

Λ2 − 4
3

(α
(1)
φl )ij

Λ2 (λe)jj

conventionally assign LN equal to 2 to ∆−−. There are other processes that do violate LN, e.g.
when one of the doubly-charged ∆ in Fig. 2–(II) decays into WW . Then, what does violate
LN is the corresponding ∆WW vertex, which is proportional to the coupling of the only LN
violating term in the fundamental Lagrangian φ̃†(�σ · �∆)†φ, with total LN equal to 2. In the
examples in Fig. 1–(I, III) LN is violated in the decay (mass) of the heavy neutral fermion.

In conclusion, all the three mechanisms produce same-sign dilepton signals, but only the
last two are observable at LHC 7,8,9,10,11,12,13 in minimal models. Heavy neutrino singlets in
particular non-minimal scenarios could also be observed, as described in Section 3.

In the following we first review the experimental constraints on the parameters entering the
three see-saw mechanisms, and then the LHC reach for the corresponding see-saw messengers.
Complementary reviews on this subject have been presented by other speakers at this Conference
(see F. Bonnet, T. Hambye and J. Kersten in these Proceedings).

2 Electroweak precision data limits on see-saw messengers

The low energy effects of the see-saw messengers can be described by the effective Lagrangian

Leff = L4 +
1

Λ
L5 +

1

Λ2
L6 + . . . , (3)

where Λ is the cut-off scale, in our case of the order of the see-saw messenger masses M , and the
different terms contain gauge-invariant operators of the corresponding dimension. The non-zero
terms up to dimension 6 are 14,15

L4 = LSM + α4

�

φ†φ
�2

, (4)
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��

L5 = (α5)ij(liL)cφ̃∗φ̃†ljL + h.c., (5)

L6 =
�

(α
(1)
φl )ij

�

φ†iDµφ
� �

liLγ
µljL

�

+ (α
(3)
φl )ij

�

φ†iσaDµφ
��

liLσaγ
µljL

�

+
�

αeφ

�

ij

�

φ†φ
��

liLφe
j
R

�

+ (α
(1)
ll )ijkl

1

2

�

liLγ
µljL

��

lkLγµl
l
L

�

+ h.c.

�

+ α
(1)
φ

�

φ†φ
��

(Dµφ)
†Dµφ

�

+ α
(3)
φ

�

φ†Dµφ
��

(Dµφ)†φ
�

+ αφ

1

3

�

φ†φ
�3

,

(6)

where we choose the basis of Büchmuller and Wyler to express the result 16. lL stands for any
lepton doublet, eR for any lepton singlet, and φ is the SM Higgs doublet. In Table 1 we collect
the explicit expressions of the coefficients in terms of the original parameters for each type of
see-saw (see Fig. 2 and the table caption for definitions).

Only the dimension 6 operators can give deviations from the SM predictions for the elec-
troweak precision data (EWPD). The operators of dimension 4 only redefine SM parameters.
The one of dimension 5 gives tiny masses to the light neutrinos, and contributes to neutrinoless
double β decay. An important difference is that the coefficient α5 involves LN-violating prod-
ucts of two λ’s or of µ and λ, while the other coefficients depend on λ∗λ or |µ|2. Therefore,
it is possible to have large cancellations in α5 together with sizeable coefficients of dimension

six 14,15. Type I and III fermions generate the operators O(1,3)
φl , which correct the gauge fermion

couplings. Type II scalars, on the other hand, generate 4-lepton operators and the operator

O(3)
φ , which breaks custodial symmetry and modifies the SM relation between the gauge boson

masses. EWPD are sensitive to all these effects and put limits on the see-saw parameters.

There are two classes of processes, depending on whether they involve neutral currents
violating lepton flavour (LF) or not. The first class puts more stringent limits 17,18, but only
on the combinations of coefficients entering off-diagonal elements. The second class is measured
mainly at LEP 19 and constrains the combinations in the diagonal entries 20. The LF violating
limits are satisfied in types I and III if N and Σ mainly mix with only one charged lepton
family. In Table 2 we collect the bounds from EWPD on the N and Σ mixings with the SM
leptons V�N,�Σ

20, and in Table 3 their product including the LF violating bounds 17,18. These

Table 2: Upper limit at 90 % confidence level (CL) on the absolute value of the mixings. The first three columns
are obtained by coupling each new lepton with only one SM family. The last one corresponds to the case of lepton
universality: three new lepton multiplets mixing with only one charged-lepton family each, all of them with the

same mixing angle. All numbers are computed assuming MH ≥ 114.4 GeV.

Coupling Only with e Only with µ Only with τ Universal
�

�

�

�

V�N =
v(λ†

N
)lN√

2MN

�

�

�

�

< 0.055 0.057 0.079 0.038

�

�

�

�

V�Σ = − v(λ†
Σ)lΣ

2
√

2MΣ

�

�

�

�

< 0.019 0.017 0.027 0.016

values update and extend previous bounds on diagonal entries for N 21,22 (see also 23.) Their
dependence on the model parameters entering in the operator coefficients in Table 1 is explicit in
the first column of Table 2. All low energy effects are proportional to this mixing, and the same
holds for the gauge and Higgs couplings between the new and the SM leptons, responsible of the
heavy lepton decay (and N production if there is no extra NP). An interesting by-product of a
non-negligible mixing of the electron or muon with a heavy N is that the fit to EWPD prefers a
Higgs mass MH higher than in the SM, in better agreement with the present direct limit. This
is so because their contributions to the most significative observables partially cancel 24, so that
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Table 3: Upper limit at 90 % CL on the absolute value of the products of the mixings between heavy singlets N

and triplets Σ with the SM leptons, V V
∗, entering in low energy processes. Row and column ordering corresponds

to e, µ, τ .

|V�NV
∗
��N | < |V�ΣV

∗
��Σ| <

0.0030 0.0001 0.01 0.0004 1.1 × 10−6 0.0005
0.0001 0.0032 0.01 1.1 × 10−6 0.0003 0.0005
0.01 0.01 0.0062 0.0005 0.0005 0.0007

both the mixing and MH can be relatively large without spoiling the agreement with EWPD.
The new 90 % CL on MH increases in this case 20 up to ∼ 260 GeV (see also 25,26). In all other
cases the limit stays at ∼ 165 GeV.

In type II see-saw a crucial phenomenological issue is the relative size of (λ∆)ij and µ∆ for

M∆ ∼ 1 TeV. The ν masses are proportional to their product, (mν)ij = 2v2 µ∆(λ∆)ij

M2
∆

, which

gives the strength of the LN violation. If µ∆ is small enough, (λ∆)ij can be relatively large and
saturate present limits on LF violating processes, eventually showing at the next generation of
experiments. If instead (λ∆)ij are very small, the flavour structure appears only in the ν mass
matrix. The present limits are reviewed in 15. Neglecting LF violating bounds (i.e., assuming
that (λ∆)ee is small enough not to give a too large µ → eēe decay rate), µ∆ and λ∆ are
constrained by the T oblique parameter and four-fermion processes, respectively. From a global
fit to EWPD (see 20 for details on the data set used) we obtain the following limits at 90 % CL:

|µ∆|
M2

∆

< 0.048TeV−1,
|(λ∆)eµ|

M∆
< 0.100TeV−1. (7)

3 Dilepton signals of see-saw messengers

The previous limits apply to any particle transforming as the corresponding see-saw messenger,
independently of whether it contributes or not to light neutrino masses. As indicated above, in
minimal models the tight restriction imposed by ν masses (Eq. 1) gives much more stringent
limits for the mixings of TeV-scale see-saw messengers. However, these limits can be avoided
if additional particles give additional contributions to neutrino masses that cancel the previous
ones, for instance if the fermionic messengers are quasi-Dirac, i.e. a nearly degenerate Majorana
pair with appropriate couplings 27. The EWPD limits are in this case relevant for production
and detection of type I messengers N , but the signals are different because they conserve LN to
a very large extent 14,28. On the other hand, type II and III messengers with masses near the
TeV can be produced and detected at LHC even in minimal models. Let us discuss the three
types of see-saw mechanism in turn.

3.1 Type I: Fermion singlets N

As already explained, a type I heavy neutrino N with a mixing saturating the EWPD limit
cannot be Majorana, unless extra fields with a very precise fine tuning keep the ν masses small
enough29. Unnatural cancellations allowing for LN-violating signals are also possible in principle.
In this case a fast simulation shows that LHC can discover a Majorana neutrino singlet with
MN � 150 GeV for |VµN | ≥ 0.054 (near the EWPD limit) 8, assuming an integrated luminosity
L = 30 fb−1.

Such a signal can be also observed for much smaller mixings and larger masses if there is
some extra NP 30, especially if the extra particles can be copiously produced at LHC 31. This is
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the case, for instance, if the gauge group is left-right symmetric and the new W �
R has a few TeV

mass. Then pp → W �
R → �N → ���W is observable, even with negligible mixing V�N , for MN

and MW �
R

up to 2.3 TeV and 3.5 TeV, respectively, 32 for an integrated luminosity L = 30 fb−1.
Similarly, if the SM is extended with a leptophobic Z �, the process pp → Z � → NN → ���WW
can probe Z � masses 33 up to 2.5 TeV, and MN up to 800 GeV.

3.2 Type II: Scalar triplets ∆

SU(2)L scalar triplets can be produced through the exchange of electroweak gauge bosons with
SM couplings, and then they may be observable for masses near the TeV scale (see for reviews
3,31). Although suppressed, their decays can occur within the detector for these large masses.
In Fig. 1-(II) we display one of the possible processes. The search strategy and LHC potential
depend on the dominant decay modes. These are proportional to the ∆ vacuum expectation
value | < ∆0 > | ≡ v∆, as for example9 ∆±± → W±W±, or to (λ∆)ij , as

11 ∆±± → l±l(
�)±. ∆±±

can also decay into ∆±W±∗ if kinematically allowed (see 10). All these different decay channels
make the phenomenological analysis of single and pair ∆±± production quite rich12. The EWPD

limit in Eq. 7 translates into the bound v∆ = v2|µ∆|√
2M2

∆

< 2 GeV. This is to be compared with

|mν | = 2
√

2v∆|λ∆| ∼ 10−9 GeV, which gives a much more stringent constraint for non-negligible
λ∆. Dilepton (diboson) decays are dominant for v∆ < (>) vc

∆ ∼ 10−4 GeV. If for instance λ∆

is of the same size as the charged lepton Yukawa couplings ∼ 10−2 − 5 × 10−6, v∆ varies from
5×10−8 to 10−4 GeV, below the critical value vc

∆, and ∆ decays mainly into leptons. In this case
the LHC reach for M∆±± has been estimated, based on statistics, to be ∼ 1 TeV for an integrated
luminosity L = 300 fb−1. In Fig. 3 we plot the invariant mass distribution m�� of same-sign
dilepton pairs containing the lepton of largest transverse momentum for M∆ = 600 GeV. As
this fast simulation analysis shows, the SM background is well separated from the signal, and
the LHC discovey potential strongly depends on the light neutrino mass hierarchy. For the
simulated sample we find 4 (44) signal events for the normal ν mass hierarchy NH (inverted
IH), well separated from the main backgrounds: tt̄nj (1007 events), Zbb̄nj (91 events), tW (68
events), and Ztt̄nj (51 events). We get rid of other possible backgrounds like ZZnj requiring
no opposite-sign dilepton pairs with an invariant mass in the range MZ ± 5 GeV. For larger v∆

values, with dominant non-leptonic decays, the corresponding reach estimate based on statistics
is ∼ 600 GeV. Note that only in the leptonic case LHC is sensitive to the see-saw flavour
structure. Near the critical value, one could in principle extract information on the structure
and on the global scale of the see-saw.

Tevatron Collaborations have already established limits on the scalar triplet mass assuming
that ∆±± → l±l± 100 % of the time: At the 95 % CL M∆±± > 150 GeV for ∆±± only decaying
to muons 34, and an integrated luminosity L = 1.1 fb−1.

3.3 Type III: Fermion triplets Σ

Not so much attention has been payed to the study of the LHC reach for SU(2)L fermion triplets
Σ. Up to very recently a similar electroweak process, the production of a heavy vector-like lepton
doublet 35, had to be used to guess that LHC could be sensitive to MΣ ∼ 500 GeV. A dedicated
study13 estimates that an integrated luminosity L = 10 fb−1 should allow to observe LN violating
signals (see Fig. 1-(III) for a relevant process) for MΣ < 800 GeV. Vector-like fermion triplets
couple to SM leptons proportionally to its mixing VlΣ, which is ≤ 10−6 according to Eq. 1 if Σ
is at the LHC reach ∼ 1 TeV. So, one can eventually improve the analysis using the displaced
vertex signatures of their decays.
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Figure 3: Same-sign dilepton invariant mass distributions for M∆ = 600 GeV and normal (NH) and inverted (IH)
ν mass hierarchies, assuming an integrated luminosity L = 300 fb

−1.

4 Conclusions

Same-sign dilepton signals l±l(�)±X will allow to set significative limits on see-saw messengers
at LHC, as illustrated in Table 4. The estimates for M∆ and MΣ are mainly based on statistics,

Table 4: LHC discovery limit estimates for see-saw messengers, assuming an integrated luminosity L =
30, 300 and 10 fb

−1 for N, ∆ and Σ, respectively. See Section 3 for a detailed explanation.

MN M∆ MΣ

LHC reach (in GeV) 150 600 − 1000 800

and a more detailed analysis is needed to confirm them.
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The Standard model Higgs as the inflaton

F. L. Bezrukov
Institut de Théorie des Phénomènes Physiques, École Polytechnique Fédérale de Lausanne, CH-1015

Lausanne, Switzerland

We describe how non-minimal coupling term between the Higgs boson and gravity can lead
to the chaotic inflation in the Standard Model without introduction of any additional degrees
of freedom. Produced cosmological perturbations are predicted to be in accordance with
observations. The tensor modes of perturbations are practically vanishing in the model.

1 Introduction

This talk is based on the recent work 1, and closely follows it. Note, that the expression for the
inflationary potential presented here differs from the one presented in the original work—both
expressions coincide in the region relevant for inflation, while the expression given here has a
wider range of validity (down to the Standard Model regime).

The fact that our universe is almost flat, homogeneous and isotropic is often considered as a
strong indication that the Standard Model (SM) of elementary particles is not complete. Indeed,
these puzzles, together with the problem of generation of (almost) scale invariant spectrum of
perturbations, necessary for structure formation, are most elegantly solved by inflation 2,3,4,5,6,7.
The majority of present models of inflation require an introduction of an additional scalar—the
“inflaton”. Inflaton properties are constrained by the observations of fluctuations of the Cosmic
Microwave Background (CMB) and the matter distribution in the universe. Though the mass
and the interaction of the inflaton with matter fields are not fixed, the well known considerations
prefer a heavy scalar field with a mass ∼ 1013GeV and extremely small self-interacting quartic
coupling constant λ ∼ 10−13 for realization of the chaotic inflationary scenario 8. This value
of the mass is close to the GUT scale, which is often considered as an argument in favour of
existence of new physics between the electroweak and Planck scales.

It was recently demonstrated in 1 that the SM itself can give rise to inflation, provided non-
minimal copling of the Higgs field with gravity. The spectral index and the amplitude of tensor
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perturbations can be predicted and be used to distinguish this possibility from other models for
inflation; these parameters for the SM fall within the 1σ confidence contours of the WMAP-5
observations 9.

To explain our main idea, let us consider the Lagrangian of the SM non-minimally coupled
to gravity,

Ltot = LSM −
M2

2
R− ξH†HR , (1)

where LSM is the SM part, M is some mass parameter, R is the scalar curvature, H is the Higgs
field, and ξ is an unknown constant to be fixed later. The third term in (1) is in fact required
by the renormalization properties of the scalar field in a curved space-time background 10, so,
in principle, it should be added to the usual SM Lagrangian with some constant. Here, we
will analyse the situation with large non-minimal coupling parameter ξ  1, but still not too
large for the non-minimal term to contribute significantly to the Plank mass in the SM regime
(H ∼ v), i.e.

√
ξ ≪ 1017. Thus, we have M MP = (8πGN )−1/2 = 2.4× 1018GeV.

It is well known that inflation has interesting properties in models of this type11,12,13,14,15,16,17.
However, in these works the scalar was not identified with the Higgs field of the SM. Basically,
most attempts were made to identify the inflaton field with the GUT Higgs field. In this case
one naturally gets into the regime of induced gravity (where, unlike this paper, M = 0 and MP

is generated from the non-minimal coupling term by the Higgs vacuum expectation value). In
this case the Higgs field decouples from the other fields of the model 18,19,20, which is generally
undesirable. Here we demonstrate, that when the SM Higgs boson is coupled non-minimally
to gravity, the scales for the electroweak physics and inflation are separate, the electroweak
properties are unchanged, while for much larger field values the inflation is possible.

The paper is organised as follows. We start from discussion of inflation in the model, and use
the slow-roll approximation to find the perturbation spectra parameters. Then we will argue
in Section 3 that quantum corrections are unlikely to spoil the classical analysis we used in
Section 2. We conclude in Section 4.

2 Inflation and CMB fluctuations

Let us consider the scalar sector of the Standard Model, coupled to gravity in a non-minimal
way. We will use the unitary gauge H = h/

√
2 and neglect all gauge interactions for the time

being, they will be discussed later in Section 3. Then the Lagrangian has the form:

SJ =


d4x
√
−g


− M2 + ξh2

2
R+

∂µh∂
µh

2
− λ

4
�
h2 − v2

2


. (2)

This Lagrangian has been studied in detail in many papers on inflation 13,14,16,17, we will re-
produce here the main results of 13,16. Compared to 1 we present a better approximation for
the inflationary potential here. To simplify the formulae, we will consider only ξ in the region
1

√
ξ ≪ 1017, in which M MP with very good accuracy.

It is possible to get rid of the non-minimal coupling to gravity by making the conformal
transformation from the Jordan frame to the Einstein frame

ĝµν = Ω2gµν , Ω(h)2 = 1 +
ξh2

M2
P

. (3)

This transformation leads to a non-minimal kinetic term for the Higgs field. So, it is convenient
to make the change to the new scalar field χ with

dχ

dh
=


Ω2 + 3

2M
2
P


d(Ω2)

dh

2

Ω2
=


1 + (ξ + 6ξ2) h2

M2
P

1 + ξ h2

M2
P

. (4)
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Figure 1: Effective potential in the Einstein frame.
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Figure 2: The allowed WMAP region for inflationary pa-
rameters (r, n). The green boxes are our predictions
supposing 50 and 60 e-foldings of inflation. Black and
white dots are predictions of usual chaotic inflation with
λφ4 and m2φ2 potentials, HZ is the Harrison-Zeldovich

spectrum.

Finally, the action in the Einstein frame is

SE =


d4x

−ĝ


−

M2
P

2
R̂+

∂µχ∂
µχ

2
− U(χ)


, (5)

where R̂ is calculated using the metric ĝµν and the potential is

U(χ) =
1

Ω(h(χ))4
λ

4
�
h(χ)2 − v2

2
. (6)

For small field values h, χ < MP /ξ the change of variables is trivial, h  ξ and Ω2  1, so the
potential for the field χ is the same as that for the initial Higgs field and we get into the SM
regime. For h, χMP /ξ the situation changes a lot. In this limit the variable change (4) is a

Ω(h)2  exp


2χ√
6MP


. (7)

The potential for the Higgs field is exponentially flat for large ξ and has the form

U(χ) =
λM4

P

4ξ2


1− exp


− 2χ√

6MP

2

. (8)

The full effective potential in the Einstein frame is presented in Fig. 1. It is the flatness of the
potential at χ MP which makes the successful (chaotic) inflation possible.

Basically, there are two distinct scales—for low field values h, χ  MP /ξ we have the SM,
for high field values h  MP /

√
ξ (χ > MP ) we have inflation with exponentially flat potential

(8) and the Higgs field is decoupled from all other SM fields (because Ω ∝ h, see Section 3).
In the intermediate region MP /ξ  h  MP /

√
ξ (MP /ξ  χ < MP ) the coupling with other

particles is not suppressed (Ω ∼ 1), while the potential and change of variables are still given
by (8) and (7).

Analysis of the inflation in the Einstein frame b can be performed in the standard way using
the slow-roll approximation. The slow roll parameters (in notations of 23) can be expressed

aThe following two formulae have wider validity range than those in 1, which are valid only for hMP /
√
ξ.

bThe same results can be obtained in the Jordan frame 21,22.
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analytically as functions of the field h(χ) using (4) and (6) (we give here the expressions for the
case c h2 M2

P /ξ  v2, ξ  1, exact expressions can be found in 16),

 =
M2

P

2


dU/dχ

U

2


4M4

P

3ξ2h4
, (9)

η = M2
P

d2U/dχ2

U

4M4

P

3ξ2h4


1− ξh2

M2
P


, (10)

ζ2 = M4
P

(d3U/dχ3)dU/dχ

U2

16M6

P

9ξ3h6


ξh2

M2
P

− 3


. (11)

Slow roll ends when   1, so the field value at the end of inflation is hend  (4/3)1/4MP /
√
ξ 

1.07MP /
√
ξ. The number of e-foldings for the change of the field h from h0 to hend is given by

N =
 h0

hend

1
M2

P

U

dU/dh


dχ

dh

2

dh  3
4
h2

0 − h2
end

M2
P /ξ

. (12)

We see that for all values of
√
ξ ≪ 1017 the scale of the Standard Model v does not enter in the

formulae, so the inflationary physics is independent on it.
After end of the slow roll the χ field enters oscillatory stage with diminishing amplitude.

After the oscillation amplitude falls below MP /ξ, the situation returns to the SM one, so at this
moment the reheating is imminent due to the SM interactions, which guarantees the minimum
reheating temperature Treh  ( 15λ

8π2g∗ )
1/4MP

ξ  1.5× 1013GeV, where g∗ = 106.75 is the number
of degrees of freedom of the SM. Careful analysis may give a larger temperature generated
during the decay of the oscillating χ field, but definitely below the energy scale at the end of
the inflation Treh < ( 2λ

π2g∗ )
1/4MP√

ξ
 2× 1015GeV.

As far as the reheating mechanism and the universe evolution after the end of the inflation
is fixed in the model, the number of e-foldings for the the COBE scale entering the horizon
can be calculated (see 23). Here we estimate it as NCOBE  62 (exact value depends on the
detailed analysis of reheating, which will be done elsewhere). The corresponding field value is
hCOBE  9.4MP /

√
ξ. Inserting (12) into the COBE normalization U/ = (0.027MP )4 we find

the required value for ξ

ξ 


λ

3
NCOBE

0.0272
 49000

√
λ = 49000

mH√
2v

. (13)

Note, that if one could deduce ξ from some fundamental theory this relation would provide a
connection between the Higgs mass and the amplitude of primordial perturbations.

The spectral index ns = 1 − 6 + 2η calculated for N = 60 (corresponding to the scale
k = 0.002/Mpc) is ns  1 − 8(4N + 9)/(4N + 3)2  0.97. The tensor to scalar perturbation
ratio 9 is r = 16  192/(4N + 3)2  0.0033. The predicted values are well within one sigma of
the current WMAP measurements 9, see Fig. 2.

3 Radiative corrections

An essential point for inflation is the flatness of the scalar potential in the region of the field
values h ∼ 10MP /

√
ξ (χ ∼ 6MP ). It is important that radiative corrections do not spoil this

property. Of course, any discussion of quantum corrections is flawed by the non-renormalizable
character of gravity, so the arguments we present below are not rigorous.

cThese formulas are valid up to the end of the slow roll regime hend, while the formulas (10) and (11) in 1 are
applicable only for the earlier inflationary stages, h2 M2

P /ξ, which is sufficient to calculate primordial spectrum
parameters ns and r.
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There are two qualitatively different type of corrections one can think about. The first one
is related to the quantum gravity contribution. It is conceivable to think 24 that these terms
are proportional to the energy density of the field χ rather than its value and are of the order
of magnitude U(χ)/M4

P ∼ λ/ξ2. They are small at large ξ required by observations. Moreover,
adding non-renormalizable operators h4+2n/M2n

P to the Lagrangian (2) also does not change the
flatness of the potential in the inflationary region.d

Other type of corrections is induced by the fields of the Standard Model coupled to the Higgs
field. In one loop approximation these contributions have the structure

∆U ∼ m4(χ)
64π2

log
m2(χ)
µ2

, (14)

where m(χ) is the mass of the particle (vector boson, fermion, or the Higgs field itself) in
the background of field χ, and µ is the normalization point. Note that the terms of the type
m2(χ)M2

P (related to quadratic divergences) do not appear in scale-invariant subtraction schemes
that are based, for example, on dimensional regularisation (see a relevant discussion in25,26,27,28).
The masses of the SM fields can be readily computed 13 and have the form

mψ,A(χ) =
m(v)
v

h(χ)
Ω(χ)

, m2
H(χ) =

d2U

dχ2
(15)

for fermions, vector bosons and the Higgs (inflaton) field. It is crucial that for large χ these
masses approach different constants (i.e. the one-loop contribution is as flat as the tree potential)
and that (14) is suppressed by the gauge or Yukawa couplings in comparison with the tree term.
In other words, one-loop radiative corrections do not spoil the flatness of the potential as well.
This argument is identical to the one given in 13.

4 Conclusions

Non-minimal coupling of the Higgs field to gravity leads to the possibility of chaotic inflation
in SM. Specific predictions for the primordial perturbation spectrum are obtained. Specifically,
very small amount of tensor perturbations is expected, which means that future CMB experi-
ments measuring the B-mode of the CMB polarization (PLANCK) can distinguish between the
described scenario from other models (based, e.g. on inflaton with quadratic potential).

At the same time, we expect that the Higgs potential does not enter into the string coupling
regime, nor generates another vacuum up to the scale of at least MP /ξ ∼ 1014GeV, so we
expect the Higgs mass to be in the window 130GeV < MH < 190GeV (see, eg. 29), otherwise
the inflation would be impossible.

The inflation mechanism we discussed has in fact a general character and can be used in
many extensions of the SM. Thus, the νMSM of 30,31,32,33,25,34,35,36,37,38,39,40 (SM plus three light
fermionic singlets) can explain simultaneously neutrino masses, dark matter, baryon asymmetry
of the universe and inflation without introducing any additional particles (the νMSM with the
inflaton was considered in 25). This provides an extra argument in favour of absence of a new
energy scale between the electroweak and Planck scales, advocated in 27.
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UNPARTICLES,

A VIEW FROM THE HIGGS WINDOW

J.R. ESPINOSA
IFT-UAM/CSIC, Fac. Ciencias UAM, 28049 Madrid, Spain

In this Moriond talk I give an introduction to what unparticles are supposed to be and then
show how coupling unparticles to the Higgs opens a window to the exploration of unparticle
sectors. The second part is based on work done in collaboration with Antonio Delgado,
Mariano Quirós and José Miguel No in 1,2.

1 Introduction to Unparticles

We start by assuming (with Georgi 3) that our theory contains a scale invariant sector. Such
sector must look very different from the familiar Standard Model (SM). In the SM we have an
explicit mass term in the Higgs potential, the origin of all mass scales. We cannot have such
mass terms in the scale invariant sector so, one would naively think such sector is composed of
massless fields. That is too naive as we will see later on.

In fact, not all SM masses come from the Higgs mass term: quantum running of couplings
can generate mass scales as happens in QCD. So, another requirement of the scale invariant
sector is that couplings there should not run at all, and this should happen in a non-trivial way,
i.e. for non-zero coupling. In fact, there are examples in the literature of just that happening,
like the Banks-Zaks (BZ) model4: a Yang-Mills theory with some particular choice of the number
of colors and flavors. The gauge coupling reaches an IR fixed-point below some mass scale ΛU .
This requires cancellations between different orders of perturbation theory and normally occurs
at strong coupling. Below ΛU the theory becomes scale-invariant.

In order to explore the physics of such scale-invariant sector, Georgi considered the possibility
of coupling it to the SM, e.g. assume there is a heavy sector, at the scale Mm, coupled both to
the SM and the Banks-Zaks-like sector, see figure 1. The effective theory below this mass (Mm)
will contain non-renormalizable interactions between SM operators and BZ operators:

1

Mk
m

OSMOBZ . (1)
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Figure 1: SM coupled to a Banks-Zaks-like sector through a messenger sector. The BZ-like sector becomes a
conformal unparticle sector below the scale ΛU .

In the BZ side interesting things happen when one reaches the scale-invariant fixed point below
ΛU . Operators with some scaling dimension dBZ get transformed into operators with dimension
dU that can be very different from an integer value.

OBZ → ΛdBZ−dU

U OU . (2)

For simplicity I only consider scalar operators, in which case unitarity demans dU > 1 and I will
take dU < 2 because the most interesting effects take place in that range. The non-renormalizable
term will now be a coupling between SM fields and unparticle operators:

ΛdBZ−dU

U

Mk
m

OSMOU . (3)

One assumes that the parameter � ≡ ΛdBZ−dU

U /Mk
m is small enough so that unparticle effects

haven’t showed up so far (in fact, � is not dimensionless so the appropriate power of the low-
energy scale relevant for the process in question should be included). The important point is
that, dU being a non-integer, OU cannot be interpreted in terms of particles in the usual way.

Once we have a coupling between SM fields and unparticles we can start discussing unparticle
production, using this coupling as an insertion in some SM process. To first order in � one simply
gets missing energy and momentum. The probability for such a process goes like �2:

�2|�SMout|OSM |SMin�|2|�U |OU |0�|2 , (4)

and the unparticle matrix element will be determined, by scale-invariance, to go like the appro-
priate power of x:

�0|OU (x)O†
U (0)|0� =

�

e−ipx|�U, p|OU (0)|0�|2ρ(p2)
d4p

(2π)4
∼ x−2dU . (5)

Going to momentum space we find an unparticle two-point correlator (or propagator) that goes
like this unusual power of momentum 3,5

|�U, p|OU (0)|0�|2 = AdU
θ(p0)θ(p2)(p2)dU−2 , (6)
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Figure 2: Spectral functions for a normal particle and for unparticles (with dU = 1.2).

(dU → 1 would correspond to a normal particle propagator). Georgi compared this to the
phase space factor for production of n massless particles (dLIPSn = Ans

n−2) to conclude that
unparticles could be interpreted as a non-integer number of massless particles but I think this
does not help intuition much.

I find more useful to obtain the spectral function representation of the unparticle propagator:
it gives a scan of what is being propagated. For a normal particle the spectral function is just
a Dirac delta at the particle’s mass, ρ(s) = δ(s − m2). For unparticles we get a continuous
function, ρ(s) = sdU−2, see figure 2. This leads to the following picture: the operator OU does
not create particles out of the vacuum but rather a non-localized wave over the full range of p2.

Another useful way of looking at unparticles was proposed by Stephanov 6. He considered
an infinite tower of scalars ϕn, (n = 1, ...,∞), with masses-squared separated by a constant
splitting ∆2, M2

n = ∆2n. In the continuum limit, ∆2 → 0, it is simple to show that one gets a
scale-invariant spectrum. In fact, in the deconstructed action

S =

�

d4xΣ∞
n=1

�

1

2
(∂µϕn)2 +

1

2
M2

nϕ
2

n

�

, (7)

kinetic terms are scale invariant [under ϕn(x) → λϕn(λx)] while mass terms are not. However,
when ∆2 → 0, replacing the discrete sum by an integral and taking ϕn/∆ → u(M2), the
continuum action including the mass term

S =

�

d4x

� ∞

0

dM2

�

1

2
(∂µu)2 +

1

2
M2u2

�

, (8)

is indeed scale invariant [under u(M 2, x) → u(M2/λ2, λx)] thanks to the rescaling freedom in
the integration variable. This is one example of scale invariant model not composed of massless
fields. To make contact with unparticle operators one defines a linear combination O of the ϕn

fields
O =

�

n

Fnϕn , (9)

with the appropriate mass-dependent coefficients

F 2

n =
AdU

2π
∆2(M2

n)dU−2 , (10)
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such that the two-point correlator of the deconstructed operator O has the correct unparticle
continuum limit. In this way Stephanov could rederive many of the phenomenological unparticle
implications working in the more familiar deconstructed version and taking the continuum limit
at the end.

2 Looking at Unparticles through the Higgs

In the second part of the talk I want to discuss the possibility of having a direct coupling between
the unparticle operator and the Higgs:

κUOSMOU = κU |H|2OU . (11)

Notice that the Higgs is special in the sense that it offers the only possible renormalizable cou-
pling with scalar unparticles 7. One immediate difficulty one has to face is that, after electroweak
symmetry breaking (EWSB), such coupling induces a tadpole for OU and therefore a VEV for
it. It is a simple matter to obtain this VEV: simply get the VEVs vn for the deconstructed
scalars and integrate over M 2 to obtain:

�OU � = −κUv
2

2

� ∞

0

F 2(M2)

M2
dM2 ∝

� ∞

0

(M2)dU−3dM2 , (12)

where F (M2) is the continuum version of Fn. For dU < 2 one sees that this integral has an IR
divergence. Its origin is clear: the tadpole goes to ∞ when Mn → 0 while the restoring term,
which is Mn itself, goes to zero then.

However, this IR problem is easy to cure. For instance, if the Higgs also couples to quadratic
terms for the ϕn’s

ζ|H|2
�

n

ϕ2

n , (13)

this will give an extra mass squared ζv2 to unparticles that will act as an IR cutoff in the
previous integral:

�OU � = −κUv
2

2

� ∞

0

F 2(M2)

M2 + ζv2
dM2 . (14)

Other more intriguing possibility uses quartic self-interactions of unparticles of the form

δV = ξ

�

�

n

ϕ2

n

�2

, (15)

but I do not have time to discuss it here, see 2. The structure of the unparticle continuum after
the IR problem is solved is therefore a continuum above a mass gap mg =

√
ζv (of EW size).

Needless to say, the presence of such mass gap will affect dramatically the phenomenology of
(and constraints on) unparticles.

Let me focus here on some implications for Higgs physics. After EWSB the Higgs scalar will
mix with the unparticle continuum. The mixed mass matrix in the deconstructed picture looks
like this:

M2 =















m2

h0 A1 .. An ..
A1 M2

1 + m2
g .. 0 ..

: : ·. 0 ..
An 0 0 M2

n +m2
g 0

: : : 0 ·.















(16)

Here m2

h0
is the SM Higgs mass squared. Along the diagonal we have the unparticle tower with

a mass gap and the first row and column are non-zero with An = v(κUFn + 2ζvn) and mix both
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Figure 3: Spectral function ρ as a function of s for a case with mh < mg. The parameters are µ2
U = µ2

v, m2 = 0,
dU = 1.2 and ζ = 1. All dimensions scaled by m2

g.

sectors. To analyze what happens in the presence of such mixing we derive the propagator for
h resumming U insertions to obtain the following:

iP (p2)−1 = p2 −m2

h0 + v2(µ2

U )2−dU

� ∞

0

(M2)dU−2

M2 +m2
g − p2

�

M2

M2 + m2
g

�2

dM2 , (17)

a propagator with a SM part and a more complicated term coming from unparticles. The same
propagator can be obtained by diagonalizing the full propagator matrix. Here we have used

(µ2

U )2−dU ≡ κ2

U

AdU

2π
. (18)

The first effect is a shift in the Higgs mass m2

h0 → m2

h, with P (m2

h)−1 = 0. One can consider
two qualitatively different cases depending on whether the shifted Higgs mass is below or above
the mass gap. Let us start with a Higgs below the gap. Again it is quite useful to go to the
spectral function representation of the modified propagator (17). It looks as shown in fig. 3:
a Dirac delta at the pole Higgs mass and a continuum above m2

g. In this plot we have chosen

m2 = 0, ζ = 1, dU = 1.2 and µ2

U = µ2
v ≡ v2[AdU

/(2π)]2−dU . Explicitly the spectral function is

ρ(s) =
1

K2(m2

h)
δ(s −m2

h) + θ(s−m2

g)
Q2

U (s)

[iP (s)−1]2 + π2Q4

U (s)
, (19)

where the functions K2(m2

h) and Q2

U (s) can be found in 1. This spectral function has a very
diret physical interpretation. For a given s it gives the projection of the state with mass-squared
s onto the interaction eigenstate h:

ρ(s) ≡ �h|s��s|h� = |�h|H�|2δ(s −m2

h) + θ(s−m2

g)|�h|U, s�|2 , (20)

where |h�, |u, s� are interaction eigenstates and |H�, |U, s� are mass eigenstates. This is crucial
for instance in studying the ZZ coupling as h is the state that couples to ZZ. In this way we
learn that the prefactor R2

h = |�h|H�|2 = 1/K2(m2

h) of the delta function gives how much of
the isolated pole is a pure Higgs. On the other hand, the spectral function above the mass gap,
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g.

R2

U (M2) = |�h|U, s�|2, gives information about how the unparticle continuum couples to the Z
through Higgs mixing. Of course the following sum rule

R2

h +

� ∞

0

R2

U (M2)dM2 = 1 , (21)

that implies that no “Higgsness” is lost in the mixing, is satisfied.

The case with a Higgs mass above the mass gap is also interesting. From the spectral
function we learn that there is no delta function associated with the Higgs pole but rather a
broad resonance due to the mixing of the Higgs with unparticles:

ρ(s) = θ(s−m2

g)
Q2

U (s)

[iP (s)−1]2 + π2Q4

U (s)
. (22)

In fact the Higgs is totally swallowed by this continuum, see fig. 4 (same parameters as in fig. 3
except for ζ = 0.2). How big the width can be is shown by plot 5, where we show (as a function
of dU ) the width, given by:

Γh =
πQ2

U (m2

h)

mhK2(m2

h)
, (23)

and also the Higgs mass. We see that in some cases the width can be as large as the mass itself.
Such effects will totally modify the expected Higgs collider phenomenology.

3 Conclusions

While almost everybody agrees that the idea of unparticles is extremely speculative it remains
an intriguing theoretical possibility and we should keep it in mind for LHC. In this talk I
focussed on the effects that one would expect from a direct coupling between the Higgs and an
unparticle scalar operator. After dealing with an IR problem easy to solve I discussed how a
mass gap is generated from EWSB. This gap would have important implications for unparticle
phenomenology. I also showed how Higgs-unparticle mixing can greatly modify Higgs properties
and how it can also give us a very interesting handle to explore the unparticle sector.
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Commissioning of CMS and early standard model measurements with jets,
missing transverse energy and photons at the LHC

Tim Christiansen
for the ATLAS and CMS Collaborations
CERN, CH-1211 Geneva 23, Switzerland

We report on the status and history of the CMS commissioning, together with selected results
from cosmic-muon data. The second part focuses on strategies for optimizing the reconstruc-
tion of jets, missing transverse energy and photons for early standard model measurements at
ATLAS and CMS with the first collision data from the Large Hadron Collider at CERN.

1 CMS Commissioning

With the first collisions from the LHC expected soon, the CMS experiment 1 at CERN has
entered the final stage of commissioning. Nearly all of the detectors have been installed in
the experiment and the last heavy structure of CMS was lowered into the experimental hall in
January 2008 (see photograph in Fig. 1). The CMS collaboration has launched over the past
years a series of combined data-taking exercises, so-called Global Runs, with increasing scope
and complexity. More and more components have been integrated with the trigger and DAQ
systems, and data from cosmic muons as well as high-rate random triggers have been used to
prove readiness for LHC collisions.

One of the first highlights in the commissioning of the CMS detector was the ”Magnet
Test and Cosmic Challenge” (MTCC) 2, which took place in 2006 when the CMS detector was
operated in the assembly hall on the surface. The superconducting magnet of CMS required
testing before lowering, providing a unique opportunity to operate all the subdetectors and sub-
systems together and to take data with cosmic-ray muons. The participating systems included a
60o sector of the muon system, comprising gas detectors like the drift tubes (DTs), Cathode Strip
Chambers (CSCs) and Resistive Plate Chambers (RPCs), both in the barrel part and endcaps
of CMS. The tracking system comprised elements of the Silicon-Strip Tracker, and parts of
the Electromagnetic (ECAL) and Hadron Calorimeter (HCAL) detected energy depositions of
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Figure 1: The CMS barrel detector in the experimental hall (left). The increasing number of subsystems inte-
grated in global data taking over 2007 (right): HLT: High-Level Trigger, HE: Endcap Hadron Calorimeter, Lumi:
Luminosity system, HO: Outer Hadron Calorimeter, HB: Barrel Hadron Calorimeter, Trk FEDs/RIB: Tracker
frontend drivers/”rod-in-a-box”, CSC: Cathode Strip Chambers, RPC: Resistive Plate Chambers, EB: Barrel
Electromagnetic Calorimeter, DT: Drift Tubes, HF: Forward Hadron Calorimeter. The diagram is for illustration

of the progress only, the scale is arbitrary and non-linear.

the traversing muons. In the second phase of the MTCC, the ECAL modules and the tracker
elements were replaced by a specially designed mapping device to measure the three components
of the magnetic field in the volume of the inner detectors with high precision, while HCAL and
the muon systems continued to record cosmic-ray data.

Only six months after the conclusion of the MTCC, global data taking was resumed in the
first of a series of Global Runs, this time in the underground experimental hall. With the end
of 2007, CMS has recorded data from synchronized cosmic triggers from parts of all trigger
detectors (CSCs, DTs, RPCs, ECAL and HCAL). The diagram on the right of Fig. 1 illustrates
the progress made in the integration of subdetectors and subsystems in various Global Runs in
2007. One of the many results from these exercises is the confirmation of a single-hit resolution
δx < 280 µm along φ a of the Muon Drift Tubes. One of the next goals before the LHC startup
is the integration of the central tracker in the Global Runs.

2 Early Standard Model Measurements with Jets, Missing Transverse Energy and
Photons

Already the first 10 to 100 pb−1 of recorded data at the LHC experiments will allow QCD
measurements with minimum-bias events and will open the window to the Z- and W-boson and
top-quark production. However, it is natural to expect that the first ∼ 100 pb−1 of integrated
luminosity will first be used to test and improve the understanding of the detector response and
to calibrate and measure the performance of the physics objects used in the various searches and
measurements to follow. Therefore, this article focuses on the strategies for the ”commissioning”
of the physics objects with the first data, using the standard model processes accessible with
the recorded data set. Details about the longer term physics plans of ATLAS and CMS can be
found in the references 1,3.

Physicists from ATLAS and CMS are taking care that the experiments will make the best
use of the early data to align and calibrate the detectors. Analyses are prepared to study and
optimize the performance of the triggers and of physics objects. The strategies range from
transverse-momentum balancing to exploiting well-known SM signatures, such as tag-and-probe

aφ is the azimuth angle of the CMS coordinate system with the z axis pointing in the direction of the beam
and the origin in the center of the detector. η denotes the pseudorapidity η = − ln [tan θ/2] where θ is the polar
angle of the CMS coordinate system.
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Figure 22: Differential yields of charged hadrons in the bin 0.4 < |η| < 0.6. Measured values
(black diamonds) and simulated ones (dotted histogram) are plotted. Results in the range
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(right) are given. The lower plots show the relative deviation of the reconstructed values from
the simulated ones.
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Figure 23: Differential yields of identified charged hadrons in the bin 0.4 < |η| < 0.6. Measured
values (symbols) and simulated ones (histograms) are plotted. Results in the range 0 < pT <
2 GeV/c are given for pions (red circles, left), kaons and protons (green triangles and blue
boxes, respectively, right). The lower plots show the relative deviation of the reconstructed
values from the simulated ones.

Figure 2: Left: Energy loss dE/dx spectra for charged pions, kaons (K) and protons (p) in the Silicon Tracker
(Pixels and Strips combined) of CMS. The scatter plot clearly shows the three separate bands for charged pions,
kaons and protons (from left to right). Right: Charged-hadron spectra dN/dydpT of protons and kaons as a
function of transverse momentum. The ”data” statistics correspond to approximately one month of data taking

with 1Hz allocated bandwidth from minimum- or zero-bias events.

with leptonic Z-boson decays. As the field is too large to cover in this article all the aspects of
measurements with jets, electrons, photons and missing transverse energy, we report on a few
selected recent studies from ATLAS and CMS with a focus on the reconstruction performance
and strategies.

One of the first measurements to be performed at the LHC aims at the understanding of
the spectrum of charged hadrons. These spectra have never been explored in hadron collisions
at such high energies (

√
s > 2 TeV) and they are an important tool for the calibration and

understanding of the detector response. Recent studies at CMS show that it is feasible to distin-
guish charged pions, kaons and protons with momenta up to 2 GeV/c and individually measure
their spectra (see Fig. 2) 4. Cross-sections and differential yields of charged particles (uniden-
tified or identified pions, kaons and protons), produced in inelastic proton-proton collisions at√

s = 14 TeV, can be measured with good precision with the CMS Pixel vertex detector and
tracker system.

An important ingredient for the correct simulation of standard model processes at LHC is
the understanding of the ”underlying event”, consisting of the beam-beam remnants (a soft
component coming from the break-up of the two beam hadrons). Furthermore, it is sensitive
to test multiple-parton interaction (MIP) tunes of QCD 5. Technically, it is impossible to fully
separate the underlying event from the hard scattering process, however, the observation of
charged particles in the region ”perpendicular” to the leading jet (60o < |∆φj | < 120o in the
transverse projection) in QCD di-jet events can be used to distinguish between various MIP
tunes that have been considered: DW 6, DWT 7, S0 8 and Herwig 9 (see Fig. 3) 10.

Up to now, the analyses of the two experiments reconstruct jets mainly with variations of
the iterative cone algorithm 11 that forms jets from energy depositions in calorimeter towers in
a cone of fixed size ∆R =


∆φ2 + ∆η2. Calorimeter towers are the energy sums measured

in the various depths of the calorimeter along r at fixed η and φ. Even though iterative cone
algorithms are well established and fast, which make them particularly useful for triggering, new
algorithms have been studied to improve infrared- and collinear-safety. Among those alternative
algorithms are the Seedless Infrared-Safe Cone 12 and Fast-kT

13 algorithms.
Rather than relying on the Monte Carlo simulation, the jet energy corrections can be ex-

tracted from transverse-energy asymmetry measured in di-jet events, a technique developed at
the Tevatron 14. In 2 → 2 events, transverse momenta of two jets are equal. This property can
be used to scale the jet transverse momentum (pT ) at a given η to a jet pT in a reference η
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3 Conclusions

The commissioning of the CMS detector is in its final phase. More and more subsystems are
joining global data taking exercises that use muon signals from cosmic rays for coarse timing,
calibration and alignment. Parallel to the commissioning of the detectors, the two multipurpose
experiments ATLAS and CMS are preparing the commissioning of the basic physics objects,
such as jets, photons and missing transverse energy, with first data. Various methods have been
studied with more realistic simulations of the initial calibration and alignment and techniques
are developed to establish the sound understanding of the detector response and calibration
flows from the early data itself.
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COMMISSIONING OF ATLAS
AND EARLY MEASUREMENTS WITH LEPTONS IN ATLAS AND CMS

M. PLAMONDON
LAL, Univ Paris-Sud, IN2P3/CNRS, Orsay, France

on behalf of ATLAS and CMS collaborations

With only a few months until the LHC start-up, the commissioning of ATLAS is in its final
stage as the last components of the detector are installed. The understanding of the detector
response acquired during the preparation phase is presented as well as the expected perfor-
mance at start-up. The strategies of both ATLAS and CMS regarding the use of early data
involving leptons is then described. Assuming an integrated luminosity of 100 pb−1 in 2008,
examples of calibration procedures and early measurements are given.

1 Commissioning of ATLAS

At the time of this paper, everything except the endwall muon chambers has been installed.
In this section we summarize the acquired understanding of the detector performance before
start-up.

1.1 Detector status at start-up

The endwall muon chambers are the last components to be installed in the cavern (June 2008).
With the full magnet tests performed soon afterwards in order to check the endcap toroids
at their nominal field, the entirety of the ATLAS detector will have been assembled ready for
the first collisions. Data taking has already been tested with cosmic rays throughout the two
preceeding years of commissioning as the different detectors have been installed. The complete
acquisition and processing chain has been successfully exercised from the primary site at CERN
and throughout worldwide distributed sites.

1.2 Inner detectors

The commissioning of the Inner Detector was initiated on the surface where cabling checks and
debugging were performed. Once in the cavern, the noise levels were the same as those measured
on the surface. The global alignment between the silicon strip (SCT) and transition radiation
(TRT) trackers was measured with reconstructed cosmic ray tracks (as shown in Fig.1), where
the results were consistent with precision survey measurements. Little time was available for
cabling cross-checks of the innermost layer of pixels which was cabled just before ATLAS was
closed. The number of non-working channels was measured to be small (0.3%).
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role in paving the way to new physics, taking half the trigger rate of the foreseen menu at
L = 1031 cm−2s−1. Assuming 3 months of operation in 2008 and an integrated luminosity
around 100 pb−1, calibration procedures and possible early measurements are described in the
following.

Performance Physics Physics signals
@ start-up nominal goals tools

EM energy uniformity
ATLAS 1-2% 0.7%

H →γγ
isolated e, Z → ee

CMS 2-4% 0.5% φ-symmetry
EM energy scale ∼ 2% 0.02% W mass Z → ee

Inner detector alignment 50-100µm <10µm b-tagging isolated µ, Z →µµ

Muon system alignment <200µm 30µm Z  →µµ Z →µµ

Muon momentum scale ∼1% 0.02% W mass Z →µµ

Table 1: This table summarizes the detector performance concerning leptons which are expected at start-up.
The values, mostly given for the ATLAS case, are compared to those ultimately reached using the physics tools

mentionned in the last column.

2.1 First peaks: (J/ψ,Υ, Z)→ µµ

Assuming a 30% overall detector and machine efficiency at 1031 cm−2s−1, around 16000 J/ψ
and 3000Υ in dimuons are accumulated per pb−1, useful to perform checks, tracker alignment
and momentum scale determination. After all cuts, ∼600 Z →µµ events are also recorded. As
shown in figure 2, the measured Z boson mass is sensitive to misalignments of the tracker or
the muon system as well as uncertainties on the magnetic field (distorded B field): a misaligned
tracker would affect noticeably the shape of the Z peak.

Figure 2: A peak of ∼6000 Z obtained with 10 pb−1 is the starting point of many studies of the muon system
as shown on the left in the case of CMS (the same effects exist in ATLAS). A clear W peak is obtained as well
(right). A cut at 50GeV on the transverse mass (MT ) gives a clean W sample that can be used for /ET studies.

2.2 Z → ee calibration and energy scale

Simple analysis cuts are used to obtain the first Z and W samples with low background levels
as in figure 2 (right). For example, they can be done without the tracker or restricted to the
barrel region if required. The Z-mass constraint is a key tool for the commissioning of electron
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