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Outline

• LHC -- An overview of the machine

• What happens when protons collide?

• Will the LHC be able to see the Higgs?

• Will the LHC be able to see supersymmetry?

• How about more exotic new physics?



Basic Quantities

Instantaneous 
Luminosity

Typically measured in cm-2s-1

Integrated 
Luminosity Lint =

�
Ldt Typically measured in {p,f}b-1

Event Rate R = σprocL Typically measured in number 
per second

L =
frevN2

p nb

4πw2
b

F

N = �detectσproc

�
Ldt + Nbackground

Number
detected

1cm2 = 1024barns = 1036pb = 1039fb



Ideal LHC
Design parameters:

Tevatron LHC

Energy per Beam 0.98 TeV 7.0 TeV

# of Bunches 36 2808

Protons / bunch 2x1011 1x1011

Luminosity 3x1032 cm-2s-1 1x1034 cm-2s-1

Magnetic Field 4.2 T 8.3 T

Temperature 4.2 K 1.9 K

Circumference 6.3 km 27.0 km

Ideal integrated LHC luminosity of ~100 fb-1/yr



Beam Pipe



LHC Experiments
There are four detectors.  All have been “ready” since 2008.

ATLAS General purpose -- Higgs and 
supersymmetry.

CMS General purpose -- Higgs and 
supersymmetry.

ALICE Quark-gluon plasma.

LHCb B Mesons. Matter-antimatter asymmetry.

The physics in this talk will focus on ATLAS and CMS.



ATLAS



CMS



Welding an 
Interconnection



LHC Timeline: Part 1

• 1994: Formal approval from CERN

• 1995: Technical Design Report completed

• 2002: Magnet production transferred to industry

• 2005: First magnet lowered

• 2007: Last magnet lowered, interconnections complete

• 2008: Construction complete, cool down ring

• Sept 10, 2008: First beam injection, splash events observed

• Sept 11-18, 2008: Beam studies and ramping in energy

• Sept 19, 2008: A problem develops...







LHC Timeline: Part 2
• October 2008 - October 2009: Repairs, installation of new safety 

features, re-cooling of magnets

• October 26, 2009: First new beam injection tests

• November 20, 2009: Circulating beams in each direction

• November 23, 2009: First collisions, at 900 GeV c.m.e.

• November 30, 2009: Beams to 1.18 TeV each (world record)

• December 2009: Millions of collision events recorded

• February 3, 2010: Decision to cap at 3.5 TeV / beam for first run

• March 19, 2010: Beams ramp to 3.5 TeV each

• March 30, 2010: Collisions at 7 TeV c.m.e.

• Until ~Fall 2011: Collisions, beam studies, luminosity improvements

• Until ~December 2012: Technical stop for upgrades

• December 2012 and onward: Collisions at 14TeV



LHC Timeline: Recent

March-April:  Work on beam overlap.



LHC Timeline: Recent
End of April:  Work on “squeezed beams” to increase luminosity.



LHC Timeline: Luminosity Timeline

nb−1 = 10−6fb−1
Note:



LHC Timeline: Luminosity Timeline

(an early plan for 3.5 TeV/beam energy) Note final
luminosity



Collisions: Proton Interactions
Protons are messy objects with unpleasant structure. Would like to simplify.

Parton Model

fi = Parton Distribution Function, the probability density of finding
particle type i carrying fraction xi of proton’s momentum.

ŝ = x1x2s

X

σA+B→X =
�

σ̂a+b→Xfa/A(x1, Q)fb/B(x2, Q)dx1dx2



Collisions: Proton Interactions
PDFs depend on
energy scale Q 
(typically the 

momentum transfer scale).

LHC mostly
collides gluons



Collisions: Standard Cross-Sections

Early LHC

Current luminosity
more like

1028 cm-2s-1

So read as events/month
instead of events/s



Collisions: Final State Products
Most unstable particles decay rapidly within detector.

Can only observe the decay products.

Reconstruction of the underlying events is a challenging task.









(presumably uncalibrated)



Standard Model Higgs
• Scalar degree of freedom which emerges from spontaneous symmetry 

breaking of electroweak sector.

• Results from the simplest method of generating mass terms.

• Coupling to fermions is proportional to their mass.



SM Higgs: Current Constraints



SM Higgs: How to Make Them

Main production 
channels



SM Higgs: How to See Them



SM Higgs: Early LHC Problems

Early LHC

“Naive analysis”

Production rate
down by a factor

of ~5

One Higgs per
few months

at current lumi.
How long to get
luminosity up?



SM Higgs: Ideal ATLAS Observation

Results
for

14 TeV



SM Higgs: ATLAS At Lower Energies

Early
LHC

10
months

of
runtime

at
full early

lumi



SM Higgs: ATLAS At Lower Energies

Early
LHC



SM Higgs: Early LHC Potential

• Dependent on rate at which luminosity increases

• If achieve target luminosity with ~1 year of runtime, begin to generate 
significant results.

• Easiest areas to probe are in the Tevatron range.

• Most likely to confirm or slightly extend the region around Tevatron 
exclusion.

• Early LHC results will put LHC “on the map” of the Higgs search.



Supersymmetry

• Supersymmetry is theoretically motivated to address various problems 
in the Standard Model (naturalness of Higgs mass, dark matter, etc).

• Each SM particle has a heavier superpartner.

• Superpartners are produced in pairs.

• mSUGRA is a theoretically motivated version of SUSY that 
dramatically simplifies the parameter space.

• Characterized by 5 parameters: m0, m1/2, A0, tan β, sign(μ)

Recent work by Baer et al, arXiv:1004.3594 (April 20, 2010)



Supersymmetry
Recent work by Baer et al, arXiv:1004.3594 (April 20)

• Focused on 7 TeV and <~ 2 fb-1 of data

• Not an official ATLAS or CMS study

• Used established event generators for underlying events and 
backgrounds.

• Modeled detector response and efficiencies.

• Applied a series of optimized cuts.

• Assumed poor accuracy in energy measurements.



Supersymmetry
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Figure 1: Squark and gluino production cross-sections at NLO for LHC7 as a function of mg̃. In
frame a) we show the cross-sections for mq̃ = mg̃, while frame b) has mq̃ = 2mg̃.

light quark and gluon jets can be mis-tagged as a b-jet with a probability 1/150 for

ET ≤ 100 GeV, 1/50 for ET ≥ 250 GeV, with a linear interpolation for 100 GeV

≤ ET ≤ 250 GeV

We point out the following technical improvements to our previous analyses [7]:

• QCD events are now generated in ET bins for the hardest jet; this gives a better

statistical representation for the high ET (j) events.

• Our current analysis uses Isajet 7.79 for event generation. The version 7.79 SUSY

spectrum calculation includes threshold corrections at each distinct decoupling squark

and slepton mass value, whereas previous Isajet versions implemented all squark

threshold corrections at a common scale mũL
and all sleptons at a common scale mẽL

[15]. Furthermore, previous Isajet versions included two-loop RGE running for the
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If gluino mass is below a 
TeV, production cross-
sections are significant.



Supersymmetry
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Figure 2: The optimized SUSY reach of LHC7 for different integrated luminosities combining the
different channels described in the text. The fixed mSUGRA parameters are A0 = 0, tanβ = 45 and
µ > 0. Gluino mass contours (dashed, dark grey) are shown by the dashed, dark grey curves. Higgs
mass contours (dash-dotted purple) are also shown for mh = 111 and 114 GeV. The shaded grey
area is excluded due to stau LSPs (left side of figure) or no electroweak symmetry breaking (right
side of figure), while the shaded grey area marked “LEP excluded” is excluded by non-observation
of a sparticle signal from LEP2 searches.

signal channel – sessentially saturates the reach, except for tiny regions at large m0 and

integrated luminosities ≥ 1 fb−1.

While the greatest LHC reach occurs in the multijet+Emiss
T channel, it is important

to note that even for very low integrated luminosities there should be a signal in several

different channels if the new physics is supersymmetry as manifested by the mSUGRA

model framework. With this in mind, in Fig. 4 we compare the 1 fb−1 optimized reaches

in the n(") = 1, OS, SS, 3" channels (all with n(b) ≥ 0) against the n(b) ≥ 2 channel

(with n(") = 0). The presence of the multilepton channels not only will lend confidence

that one is indeed seeing SUSY cascade decays, but also sparticle mass information may

be extracted, e.g, the m("+"−) mass edge [17, 7] conveys information on the mZ̃2
− mZ̃1

mass difference, or on sleptons masses.

3.1 Identifying the light Higgs boson in SUSY cascade events at LHC7

We note that while discovery of SUSY particles may be possible during the first run of

the LHC, detection of a SM-like Higgs boson using conventional production and decay

modes will require much higher integrated luminosity, primarily because an observable

signal occurs only via its sub-dominant decay modes. However, it is also possible to detect

the lightest SUSY Higgs boson via its dominant h → bb̄ decay when it is produced via

cascade decays of gluinos and squarks [18]. The idea is to produce g̃ and q̃ at a large rate,

and look for q̃ → qZ̃2 or g̃ → qq̄Z̃2 production followed by Z̃2 → Z̃1h decay, in a Emiss
T

event sample designed to pick our SUSY events over SM backgrounds. If mZ̃2
> mZ̃1

+mh,

– 7 –



Supersymmetry



The Z1

• Gauge boson corresponding to a new U(1).

• A variety of models contain such a new gauge group: GUTs, string 
compactifications, composite Higgs models, etc.

• May mix with the Z of the standard model.

• Characterized by 3 parameters: mZ’, gY, gBL.

Recent work by Salvioni et al, arXiv:0909.1320v2 (Oct 30 2009)



The Z1

sample [5] at an invariant mass near 240 GeV: the size of the effect would correspond

to a rather weakly coupled Z �
, disfavored by GUTs but still allowed by EWPT. We

conclude in Section 4 with a study of the prospects for the first LHC run(s). The

main question we address is what energy and luminosity are needed to explore virgin

land in parameter space, and how much of such accessible new territory is compati-

ble with conventional GUTs. We show that, with the foreseen schedule for the first

year [12] of the LHC (first 50-100 pb
−1

at
√

s = 7 TeV, then up to 200÷300 pb
−1

at√
s ≤ 10 TeV), the first region in parameter space to be explored will correspond to

moderately light and weakly coupled Z �
, weighing around 600-800 GeV, and with a

small window of allowed couplings. To open up considerably the region of parameter

space accessible for discoveries, in particular the one relevant to GUT models, at

least O(1) fb
−1

of integrated luminosity should be collected. In summary, in the

very first phase of the LHC the interplay among center-of-mass energy, integrated

luminosity and previous direct and indirect bounds will be quite subtle, and it will be

important to focus the analysis onto the most promising regions of parameter space,

possibly combining different channels and experiments from the very beginning.

2. Theory

2.1 Parameterization

As discussed in the Introduction, we will consider extensions of the SM where GSM

is extended by a single additional non-anomalous family-independent U(1) factor, in

the presence of three full SM fermion families, including right-handed neutrinos. As

for the Higgs sector of the theory, we will assume the existence of the SM Higgs field

but avoid as much as possible any specific assumption on the symmetry breaking

mechanism for the additional U(1).

As previously discussed in [2], it is not restrictive to parameterize masses, kinetic

mixing [13] and interactions with fermions for our extended neutral electroweak sector

by means of the following effective Lagrangian:

L = −1

4
hAB F

A
µν F

B µν
+

1

2
M

2
AB A

Aµ
A

B
µ + A

A
µ J

µ
A + . . . , (2.1)

where A, B = T3L, Y, B − L. It is also well known that, by appropriate field redefi-

nitions, we can go to a field basis where kinetic terms are canonical and masses are

diagonal:

L = −1

4
F

i
µν F

i µν
+

1

2
M

2
i A

iµ
A

i
µ + A

i
µ J

µ
i + . . . , (2.2)

where i = γ, Z, Z �
. In the above equation, Mγ, MZ and MZ� are the mass eigenvalues.

The currents J
µ
i (i = γ, Z, Z �

) are those coupled to the gauge boson mass eigenstates.

For example,

J
µ
γ = e

�

f

Q(f) fγµ
f (2.3)
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(u, d) uc dc (ν, e) νc ec

T3L (+1
2 ,−

1
2) 0 0 (+1

2 ,−
1
2) 0 0

Y +1
6 −2

3 +1
3 −1

2 0 +1

B − L +1
3 −1

3 −1
3 −1 +1 +1

QZ�
1
6�gY + 1

3�gBL −2
3�gY − 1

3�gBL
1
3�gY − 1

3�gBL −1
2�gY − �gBL �gBL �gY + �gBL

Table 1: The charges of left-handed fermions controlling the electroweak neutral currents.

is the electromagnetic current, where f runs over the different chiral projections of
the SM fermions, Q(f) = T3L(f)+Y (f) is their electric charge, and the contributions
from the scalar sector have been omitted. Similarly, we can write

Jµ
Z = cos θ� Jµ

Z0 − sin θ� Jµ
Z� 0 , Jµ

Z� = sin θ� Jµ
Z0 + cos θ� Jµ

Z� 0 , (2.4)

where

Jµ
Z0 = gZ

�

f

�
T3L(f)− sin2 θW Q(f)

�
fγµf ,

�
gZ =

�
g2 + g� 2

�
, (2.5)

is the SM expression for the current coupled to the SM Z0 (we recall that, in the
presence of mixing, Z0 does not coincide with the mass eigenstate Z), and

Jµ
Z� 0 =

�

f

[gY Y (f) + gBL (B − L)(f)] fγµf

=
�

f

gZ QZ�(f) fγµf . (2.6)

Again, possible contributions to the currents from the scalar sector have been omit-
ted. We collected in Tab. 1 the charges of the SM fermions needed for evaluating the
currents of eqs. (2.5) and (2.6). For definiteness, we chose a purely left-handed basis
for the fermion fields, so that, omitting family indices, f = u, d, uc, dc, ν, e, νc, ec. In
expressing the charges QZ� , we found it convenient to make reference to the ratios

�gY =
gY

gZ
, �gBL =

gBL

gZ
. (2.7)

The parameterization above automatically contains and extends specific models
often considered in the literature, such as ZB−L, Zχ, and Z3R models, whose couplings
simply read, in our notation:

ZB−L Zχ Z3R

gY 0 − 2√
10

gZ� − gZ�

gB−L

�
3
8gZ�

5
2
√

10
gZ�

1
2gZ�

, (2.8)
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Commonly-studied models:

(u, d) uc dc (ν, e) νc ec

T3L (+1
2 ,−

1
2) 0 0 (+1

2 ,−
1
2) 0 0

Y +1
6 −2

3 +1
3 −1

2 0 +1

B − L +1
3 −1

3 −1
3 −1 +1 +1

QZ�
1
6�gY + 1

3�gBL −2
3�gY − 1

3�gBL
1
3�gY − 1

3�gBL −1
2�gY − �gBL �gBL �gY + �gBL

Table 1: The charges of left-handed fermions controlling the electroweak neutral currents.

is the electromagnetic current, where f runs over the different chiral projections of
the SM fermions, Q(f) = T3L(f)+Y (f) is their electric charge, and the contributions
from the scalar sector have been omitted. Similarly, we can write

Jµ
Z = cos θ� Jµ

Z0 − sin θ� Jµ
Z� 0 , Jµ

Z� = sin θ� Jµ
Z0 + cos θ� Jµ

Z� 0 , (2.4)

where

Jµ
Z0 = gZ

�

f

�
T3L(f)− sin2 θW Q(f)

�
fγµf ,

�
gZ =

�
g2 + g� 2

�
, (2.5)

is the SM expression for the current coupled to the SM Z0 (we recall that, in the
presence of mixing, Z0 does not coincide with the mass eigenstate Z), and

Jµ
Z� 0 =

�

f

[gY Y (f) + gBL (B − L)(f)] fγµf

=
�

f

gZ QZ�(f) fγµf . (2.6)

Again, possible contributions to the currents from the scalar sector have been omit-
ted. We collected in Tab. 1 the charges of the SM fermions needed for evaluating the
currents of eqs. (2.5) and (2.6). For definiteness, we chose a purely left-handed basis
for the fermion fields, so that, omitting family indices, f = u, d, uc, dc, ν, e, νc, ec. In
expressing the charges QZ� , we found it convenient to make reference to the ratios

�gY =
gY

gZ
, �gBL =

gBL

gZ
. (2.7)

The parameterization above automatically contains and extends specific models
often considered in the literature, such as ZB−L, Zχ, and Z3R models, whose couplings
simply read, in our notation:

ZB−L Zχ Z3R

gY 0 − 2√
10

gZ� − gZ�

gB−L

�
3
8gZ�

5
2
√

10
gZ�

1
2gZ�

, (2.8)

– 5 –

where gZ� is usually fixed to a ‘GUT-inspired’ value gZ� =
�

5/3 g�.
Since the SM Higgs doublet H has2 vanishing B − L, and, as discussed in [2], it

is not restrictive to take the Higgs fields that break B−L (if any) to have vanishing
Y , we can express the Z − Z � mixing angle θ� in terms of gY and MZ� ,

tan θ� = −�gY
M2

Z0

M2
Z� −M2

Z0

, (2.9)

where

M2
Z0 =

g2
Z v2

4
(2.10)

is the SM expression for the Z0 mass. The same remains true if we assume that
there is an explicit (or Stückelberg-like) diagonal mass term for the Z0 �, without
introducing an additional complex Higgs field for breaking B − L.

Notice that the mixing angle is completely determined by the mass and the
couplings of the Z �. In particular, it is always non-vanishing whenever �gY �= 0 (i.e.
for models different from pure B − L), because in these cases gauge invariance of
the Yukawa terms forces the SM Higgs to be charged under the extra U(1), thus
producing a Z − Z � mixing.

We can then study the Z � phenomenology in terms of three unknown parameters:
the Z � mass MZ� and the two coupling constants (gY , gBL) or, equivalently, (�gY , �gBL).

We will not consider possible additional parameters of the enlarged Higgs sec-
tor and the right-handed neutrino masses, because, as will be discussed later, these
parameters will play a relatively minor rôle in the following. To be definite, we will
assume that there are three mostly left-handed neutrinos lighter than O(1) eV and
three mostly right-handed neutrinos heavier than MZ�/2, as in the see-saw mecha-
nism, and that the physical components of the Higgs fields whose VEVs break B−L
(if any) have negligible mixing with the SM Higgs and masses larger than MZ� .

2.2 Constraints from grand unification

One of the possible motivations for considering Z � models are GUTs, with or without
supersymmetry. Through appropriate boundary conditions at the unification scale
MU and RGE on the running gauge coupling constants, GUTs can constrain the
range of some low-energy Z � parameters, such as the coupling constants gY and gBL.
The most stringent constraints can be obtained within specific models, where the
full particle spectrum is specified and threshold and higher-loop corrections can be
computed. Here, instead, we would like to remain as model-independent as possible
within the general class of minimal Z � models. To this end, we will identify a GUT-
favored region in the (�gY , �gBL) plane3 according to the following procedure.

2
This property is shared by the MSSM Higgs doublets H1 and H2.

3
All the results are insensitive to the transformation (�gY , �gBL)→ (−�gY ,−�gBL), without lack of

generality we will thus consider only the upper half plane �gBL > 0.
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“GUT value”

Figure 3: The regions on the (�gY , �gBL) plane allowed by Tevatron direct searches at 95%
CL for MZ� = 200, 400, 600, 800, 1000 GeV (from inner to outer). The GUT-favored
region is between the dashed lines.

bounds from different experiments, or better whether it is possible to build models
that can evade indirect bounds but still be accessible to direct searches. Notice how-
ever that indirect LEP searches, low-energy APV experiments, direct and indirect
searches at hadron colliders are all basically controlled by tree-level Feynman dia-
grams built from two basic types of elementary vertices, coupling the Z � to charged
leptons and quarks, respectively:

Of course, LEP and APV probe off-shell Z � exchange, whereas the Tevatron and the
LHC are sensitive to on-shell Z � production and decay. But the parameters involved
in the relevant Feynman diagrams are the same, and it is not easy at all to invent
new physics capable of evading indirect bounds from EWPT but still producing a
signal in the direct searches. For this reason, the bounds from EWPT should not
be neglected when analyzing the discovery reach of direct searches. On the other
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The Z1: Favored Region

Figure 1: GUT-favored region and some representative models in the (�gY , �gBL) plane, see
the text for details.

order of other threshold effects that we reabsorbed in the wide ranges we assume
below for other parameters. Then, we compute the boundary value g�(MU) using the
phenomenological input g�(MZ) = e(MZ)/ cos θW (MZ), with α−1

em(MZ) � 128 and
sin2 θW (MZ) � 0.23, and the SM one-loop RGE. We then allow the Z � coupling at
the unification scale αU = g2

U/(4π) = g2
Z�(MU)/(4π), to vary within the generous

bounds
1

100
< αU <

1

20
. (2.14)

Taking into account that the SM RGE would predict αU ∼ 1/45, our upper and
lower bounds leave a margin of more than a factor of two to account for threshold
corrections, new particles at the TeV scale and other model-dependent effects. Cor-
respondingly, we determine the GUT-favored region of the (�gY , �gBL) plane by making
use of the one-loop RGE of eqs. (2.11)-(2.13): the result is presented as the colored
band in Fig. 1. The same figure also shows some dots that represent either some pop-
ular GUT-inspired benchmark models considered in experimental analyses (the three
empty dots and the corresponding dashed lines) or specific SUSY-GUT models with
an extra U(1) (the three pairs of full dots). In particular, and in counter-clockwise
order: the three dashed lines correspond to the three different models of eq. (2.8),
when gZ� is left free to vary; the three empty dots correspond to the GUT-inspired
normalization gZ� =

�
5/3 g�(MZ). Instead the SUSY-GUT models are derived prop-

erly, using the RGEs: they assume that the GUT group, say SO(10), is broken at
MU into the SM gauge group times an additional U(1) factor, with charges fixed as
in eq. (2.8) at the GUT scale. For each of the three models (which correspond, in
counter-clockwise order, to those in eq. (2.8)) we draw two black points, correspond-
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The Z1: Electroweak Constraints

Figure 2: The regions of the (�gY , �gBL) plane allowed by EWPT, at 95% CL, for MZ� = 200,
500, 1000, 1500, 2000, 2500, 3000 GeV (from inner to outer). The GUT-favored region is
between the dashed lines.

It is worth noticing that a recent theoretical re-analysis [4] of the most precise
measurements on APV [16] was not included in the fit of ref. [3]. As will be discussed
later, the new bounds from APV are significantly stronger than before, but not strong
enough yet to compete with the result of the global fit.

It is usually thought that pure B − L models are less constrained by EWPT
because of the absence of Z−Z � mixing. Notice however that the region with �gY = 0
is not particularly favored, actually the region of parameter space least constrained
by EWPT is that with �gY � −�gBL. This feature can be understood by looking at
the last row of Tab. 1, which shows that the Z � is less coupled to matter fields, thus
less constrained by LEP2 bounds (and by Tevatron bounds as well, as we will see in
the next section), roughly when �gY � −�gBL.

Notice also the correlation between the orientation of the GUT-favored region
of Fig. 1 (between the dashed contours in Fig. 2) and the EWPT-allowed regions of
Fig. 2. For all values of the couplings in the GUT-favored region, and in particular
for the SUSY-GUT models represented by the full dots, the lower bound on MZ�

is above 1 TeV. It is typically above 1.5 ÷ 2 TeV for the GUT-inspired benchmark
models often considered in the experimental literature. For comparison, we report
in Tab. 3 the bounds on the Z � masses for the particular choices of the couplings
corresponding to the GUT-inspired and the SUSY-GUT benchmark points4 of Fig. 1.

4The alert reader will notice that the bounds in Tab. 3 are numerically stronger than those from
Fig. 2: this is simply because the figure refers to a 2-parameter fit (�gY , �gBL), whilst the table refers
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Region allowed by electroweak precision tests, at 95% CL.
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The Z1: Tevatron Constraints
Region allowed by Tevatron direct searches, at 95% CL.

MZ’:

1000 GeV

800 GeV

200 GeV

Figure 3: The regions on the (�gY , �gBL) plane allowed by Tevatron direct searches at 95%
CL for MZ� = 200, 400, 600, 800, 1000 GeV (from inner to outer). The GUT-favored
region is between the dashed lines.

bounds from different experiments, or better whether it is possible to build models
that can evade indirect bounds but still be accessible to direct searches. Notice how-
ever that indirect LEP searches, low-energy APV experiments, direct and indirect
searches at hadron colliders are all basically controlled by tree-level Feynman dia-
grams built from two basic types of elementary vertices, coupling the Z � to charged
leptons and quarks, respectively:

Of course, LEP and APV probe off-shell Z � exchange, whereas the Tevatron and the
LHC are sensitive to on-shell Z � production and decay. But the parameters involved
in the relevant Feynman diagrams are the same, and it is not easy at all to invent
new physics capable of evading indirect bounds from EWPT but still producing a
signal in the direct searches. For this reason, the bounds from EWPT should not
be neglected when analyzing the discovery reach of direct searches. On the other
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The Z1: Early LHC Constraints
Region allowed by LHC direct searches with 7 TeV collisions.

Figure 7: The LHC 5σ discovery potential in the (�gY , �gBL) plane for
√

s = 7 TeV. The red

and blue regions are those allowed by EWPT and Tevatron bounds respectively; the yellow

region is the one not within 5σ discovery reach at the LHC. Thus the region accessible by

the LHC is the one formed by points that are both in the red and blue regions but not

in the yellow one. Plots in the first row refer to 50 pb
−1

of data and MZ� = 200, 500,

700 GeV respectively; plots in the second row are for 100 pb
−1

of data and MZ� = 600,

700, 800 GeV respectively.

Figure 8: The LHC 5σ discovery potential in the (�gY , �gBL) plane for
√

s = 10 TeV,

200 pb
−1

of data and MZ� = 400, 500, 900, 1300, 1400, 1600 GeV. The meaning of the

colored regions is as in Fig. 7. In the last three plots the Tevatron bounds are not shown

because they are too weak to give useful constraints.

�gBL ∼ 0.15÷ 0.20, �gY ∼ −0.2÷ 0).

Things start improving as the LHC steps up in energy and luminosity. The

situation with
√

s = 10 TeV and 200 pb
−1

of integrated luminosity is represented

in Fig. 8. The region of Z �
masses below 400 GeV will not be accessible yet, this
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Red = Allowed by electroweak.   Blue = Allowed by Tevatron
Yellow = Not within 5σ discovery at LHC



The Z1: Early LHC Constraints
Region excluded by LHC direct searches with, at 95% CL.

Red = Excluded by electroweak.   Blue = Excluded by Tevatron
Yellow = GUT-preferred band

Figure 9: First row. The region of the (MZ� , gZ�) plane amenable to a ‘5σ’ discovery at

the LHC, for the Zχ model,
√

s = 10TeV and some representative values of the integrated

luminosity; from left to right: 50, 100, 200, 400 and 1000 pb
−1

. The red and blue region

and the yellow band are the same as in Fig. 4. The second box is a zoom on the low-mass,

low-coupling region. Second row. 95% CL exclusion contours from the LHC after 50 and

100 pb
−1

at
√

s = 7 TeV (blue curves) and after 50, 100 and 200 pb
−1

at
√

s = 10 TeV

(green curves).

because the higher luminosity collected at the Tevatron is more important in such
energy region. The first accessible zone in parameter space starts showing up for
MZ� ∼ 400 ÷ 1100 GeV, for models with couplings smaller than those preferred by
GUTs, and for MZ� ∼ 1200 ÷ 1500 GeV for GUT-like couplings. For heavier Z � no
region is left to the LHC that is not already ruled out by EWPT. As evident from
the plots, for each of the accessible Z � masses, only a small portion of the (�gY , �gBL)
plane will be tested. Our plots refer to data collected by a single experiment and
for a single dilepton channel, combining the data might help increasing the effective
luminosity collected and thus the discovery potential.

Since contour plots may require some patience to be interpreted, we make our
results more manifest by plotting, in Fig. 9, the 5σ LHC discovery potential in the
(MZ� , gZ�) plane for the representative χ model. As in Fig. 4, the red and blue regions
are those presently excluded by EWPT and Tevatron direct searches, respectively,
and the yellow band denotes the GUT-favored region. The new curves enclose the
region where a 5σ discovery at the LHC is in principle possible, for

√
s = 10 TeV
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The Z1: Early LHC Constraints



The Z1: Early LHC Potential

• LHC is sensitive to new U(1) gauge groups with large masses, even at 
lower collision energy and luminosity.

• Will be competitive with best current constraints (electroweak).

• Potential for discovery, particularly for masses around 800 GeV.



Hidden Valleys

• A hidden sector of particles that have carry charge from a “Valley” 
gauge group, but are SM singlets.

• Allows new light states.

• Communicate with the SM by a heavy messenger.

• High energy gets over the messenger particle and creates long-lived 
particles in the valley, which eventually decay back into SM particles.

• Distinctive displaced vertices in the LHC. May also produce large MET.

• A threshold-like signal -- very clear signals are soon as barrier is 
breached.

Long-time work by Matt Strassler, Kathryn Zurek, Dan Ventura and others.
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Hidden Valleys: Production

D. Ventura
Long-Lived Exotic Particles at the LHC

5/5/2008

higgs decay to long-lived 

particles

• Using benchmark model of Higgs 
decaying to non-interacting 
pseudo-scalars†  (!v)

• !v is NEUTRAL under the 
SM and long-lived

† see: M. Strassler & K. Zurek, Phys Lett B 661 (2008) 263-267

          S. Chang et al. arXiv:hep-ph/0511250

          L. Carpenter et al.  arXiv:hep-ph/0607204

5

• We use 2 samples to study trigger 

strategies for this process:

• Ideal sample (signal only)

• Signal with pileup

• pileup for L=1032cm-2s-1

• 4.1 collisions/crossing

• 450ns bunch spacing

• Parameters:

• mh = 140 GeV

• m!v = 40 GeV

• c!!v = 1500 mm

• Events simulated using PYTHIA

• Work in collaboration with 
M. Strassler

Typical setup involves mixing of scalars through a vertex whose
coupling is suppressed by a large scale.



Hidden Valleys: Decay in Detector

D. Ventura
Long-Lived Exotic Particles at the LHC

5/5/2008

higgs decay to long-lived 

particles

• Event with one !v decay in the Muon System 

(A) and another !v decay in the Hadronic 

Calorimeter (B)
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Hidden Valleys: Decay in Detector

Distribution of location of displaced vertices:



Hidden Valleys: Trigger Efficiencies

Increasing distance from beam pipe

Top Row: Barrel
Bottom Row: Endcap



Hidden Valleys: Trigger Efficiencies



Hidden Valleys: Early LHC Potential

• Distinctive signature.

• If such a sector exists with a typical messenger mass scale of ~TeV, 
shows up clearly in early LHC data.

• Not motivated by solving problems in the Standard Model -- makes 
Hidden Valley models less compelling.



Early LHC: Conclusions

• 18 months of running at 7 TeV, including beam commissioning.

• Reach for new physics depends on how rapidly LHC is able to achieve 
increased luminosity.

• Higgs: Significant integrated luminosity requirements. Not likely to 
achieve reach well beyond Tevatron until restart in 2012.

• Supersymmetry: Retains moderate reach into regions of mSUGRA 
parameter space for modest luminosities. Some discovery potential.

• Z1: Good reach for heavy new gauge bosons, > 800 GeV. Some 
discovery potential.

• Hidden Valleys: Excellent reach for this less-well-motivated theory. 
Some discovery potential.


