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The big questions for the LHC era

Particle physics has many “big questions.”

I think the three most important ones that LHC can hope to

answer are these:

What is the origin of mass?

Why is gravity so much weaker than the other forces?

What is the dark matter?
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What is the origin of mass?
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What is the origin of mass?

Left-handed fermions and right-handed fermions have different
SU(2)L×U(1)Y quantum numbers.
Usual fermion mass term L = −mfRfL is not gauge invariant.

Naive mass terms L = M2WµWµ for W and Z bosons also violate
gauge invariance.

Simplest way out: the Higgs mechanism.

Introduce a scalar “Higgs” field H

- Doublet under SU(2)L: H = (φ+, φ0)T

- Carries U(1)Y hypercharge

Couplings of H:
- To gauge bosons via the covariant derivative, L = |DµH|2.
- To itself via the Higgs potential, −L = V = µ2H†H +λ(H†H)2.
- To fermions via Yukawa couplings, L = yffRH†FL.

All these couplings are gauge invariant.
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This works if we choose the signs of the terms in the Higgs

potential: V = µ2H†H + λ(H†H)2 with µ2 < 0 and λ > 0.

(why? SM gives no explanation.)

- Potential is symmetric under SU(2)L×U(1)Y gauge symmetry.

- Minimum is not at zero field value:

Universe must choose particular (non-symmetric) configuration.

This is spontaneous symmetry breaking.

Expand Higgs field about the minimum:

H =

(
G+

(h + v)/
√

2 + iG0/
√

2

)
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Covariant derivative → gauge boson masses and couplings to h:

L =
g2

4
(v + h)2Wµ+W−µ +

g2 + g′2

8
(v + h)2ZµZµ

Yukawa couplings → fermion masses and couplings to h:

L =
yf√
2
(v + h)f̄RfL + h.c.

Mass of each particle is

proportional to its Higgs

coupling.

Slope is predicted by

v = 2MW/g = 246 GeV.

Test the SM Higgs mech-

anism by measuring the

Higgs couplings to SM

particles.
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First we need to discover the Higgs (if it exists).
If the Higgs is Standard Model-like, LHC will discover it
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 (no K-factors)
ATLAS Updates:

- H → γγ better once

K-factors included

- ttH backgrounds

bigger than expected:

no longer a discovery

channel

CMS reach is similar

S. Asai et al., Eur. Phys. J. C 32S2, 19 (2004)
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Higgs couplings determine production cross sections

σ(pp→H+X) [pb]
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Higgs couplings determine decay branching ratios
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→ Higgs couplings determine rates in each channel.

Test of the SM Higgs couplings: measure Higgs rates at LHC

LHC, 200 fb−1 (except 300 fb−1 for ttH, H → bb, WH, H → bb). Zeppenfeld, hep-ph/0203123
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Ratios of rates give ratios of partial widths.
Add theory assumption: hWW, hZZ ≤ SM → fit Higgs coups.
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2 Experiments
-1 L dt=2*300 fb∫
-1WBF: 2*100 fb

[L] 200 fb−1 (except 300 fb−1 for ttH(→ bb), WH(→ bb)). Zeppenfeld, hep-ph/0203123
[R] Dührssen, Heinemeyer, H.L., Rainwater, Weiglein & Zeppenfeld, hep-ph/0406323
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Measure tensor structure of HV V coupling in VBF:Tensor structure of the HVV coupling

Most general HVV vertex Tµν(q1, q2)

(a) (b)

g

Q

V

q2
H

Q Q

H

Q

q q q q

V

q1
q1

q2

µ

ν ν

µ

Tµν = a1 gµν +

a2
(
q1 · q2 gµν − qν

1 qµ
2
)
+

a3 εµνρσ q1ρq2σ

The ai = ai(q1, q2) are scalar form factors

Physical interpretation of terms:

SM Higgs LI ∼ HVµVµ −→ a1

loop induced couplings for neutral scalar

CP even Le f f ∼ HVµνVµν −→ a2

CP odd Le f f ∼ HVµνṼµν −→ a3

Must distinguish a1, a2, a3 experimentally

Dieter Zeppenfeld Higgs Bosons at the LHC 27Slide from D. Zeppenfeld, plenary talk at SUSY’06 conference
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HV V vertex structure gives different distributions in jj azimuthal

angle ∆φ:
Signals for CP violation in the Higgs Sector
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mixed CP case:

a2 = a3, a1 = 0

pure CP-even case:

a2 only

pure CP odd case:

a3 only

Position of minimum of ∆φ j j distribution measures relative size of

CP-even and CP-odd couplings. For

a1 = 0, a2 = d cosα, a3 = d sinα,

=⇒ Maxima at α and α ± π

Figy, Hankele, Klämke, & Zeppenfeld, hep-ph/0609075

HV µVµ structure is “smoking gun” for Higgs mechanism EWSB.

Check for CP violation and/or loop-induced HV µνVµν structure.
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Test structure of the Higgs potential V = µ2H†H + λ(H†H)2:

Measure the triple-Higgs coupling

gg → HH →WWWW at LHC
- diagrams include gg → H∗ → HH via triple-Higgs coupling.

1σ: +100%
−30% w/ 300 fb−1

for MH between 155 ∼ 200 GeV

Baur, Plehn, Rainwater, hep-ph/0211224

Also gg → HH → bbγγ at lower MH: somewhat worse sensitivity.
Baur, Plehn, Rainwater, hep-ph/0310056
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What is the origin of mass?

LHC will be able to:

- discover a SM(-like) Higgs

- test key features of the Higgs mechanism of electroweak sym-

metry breaking and mass generation

But the Higgs sector of the Standard Model introduces another

problem...
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Why is gravity so much weaker

than the other forces?
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Why is gravity so much weaker than the other forces?

This is really a question of energy scales.

Newton’s constant: GN = 1/M2
Planck

Dimensions of [mass]−2: nonrenormalizable theory

Analogous to 4-Fermi theory: ff̄ → ff̄ via contact interaction

Fermi’s constant: GF = g2/4
√

2M2
W = 1/

√
2v2

Why is the weak scale so much lower than the Planck scale?
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Gauge couplings “run” because of vacuum polarization:

αs(Q) = αs(µ)/[1 + (b/2π)αs(µ) log(Q/µ)]

Mass term in Higgs potential V = µ2H†H + λ(H†H)2 also runs:

H

t

t

H

a)

H
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t

H
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! t ! t !T !T

T

H H!"T--------
MT

MT
×

W

_

λλ _

h φ

2g 2 g

W

W

_

λλ _

h φ

2g 2 g

W

But this running is quadratic, not logarithmic: µ2 = µ2
0 + ∆µ2

with

∆µ2 = −
3

8π2
y2
t Λ

2 +
9

64π2
g2Λ2 +

1

16π2
λ2Λ2 + · · ·

Scalar mass term is the only parameter that runs quadratically.
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∆µ2 = −
3

8π2
y2
t Λ

2 +
9

64π2
g2Λ2 +

1

16π2
λ2Λ2 + · · ·

“Natural” prediction: µ2 ∼ µ2
0 ∼∆µ2

Setting the cutoff Λ ∼MPlanck, this gives a prediction for µ2

1,000,000,000,000,000,000,000,000,000,000 times too large.

The second-worst prediction in all of physics? (after the cosmological constant :)

The vast difference in scale between MPlanck and MW is the

Hierarchy Problem.

Solution(s):

- Have µ2
0 cancel ∆µ2 to 30 decimal places? (Extreme fine

tuning...)

- Lower the SM cutoff Λ to ∼ TeV scale; introduce New Physics

above this scale that stabilizes the hierarchy.
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Two main classes of solutions to the hierarchy problem:

1) Supersymmetry

SUSY relates µ2 to a fermion mass, which only runs logarithmi-

cally. Guarantees cancellation between SM loop diagrams and

SUSY loop diagrams.

2) Composite Higgs

Higgs is some kind of bound state (“meson”) of fundamental

fermions, held together by a new force that gets strong at the

TeV scale. Above a TeV there are no fundamental scalars, so

no hierarchy problem.

[Includes extra-dimension / RS models by AdS/CFT duality.]
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Generic models of New Physics tend to be fairly tightly con-
strained by electroweak precision data.

New particles contribute to measured SM processes e.g. ff̄ → ff̄

Can parameterize their effect in terms of dimension-6 operators

L =
1

[ΛNP
eff ]2

Odim6 + · · ·

suppressed by an effective cutoff scale [ΛNP
eff ]2.

EW precision data con-

strain ΛNP
eff to be above

1.3 ∼ 17 TeV depending

on the operator.

all the other observables are calculated from these input parameters, they will inevitably
receive indirect corrections from the shifts. We summarize the direct and indirect effects of
our operators in Table II.

Because of their high statistics, the Z-pole data and several best measured low-energy
observables dominate the bounds on the coefficients ai whenever such measurements con-
strain an operator. This is the case for the operators that shift the input parameters and
the operators of the form Ohf , which change the couplings between the Z boson and the
fermions. The four-fermion operators do not contribute to the Z-pole measurements at the
linear order, that is the interference term between the SM contribution and the four-fermion
operators vanishes at the Z pole. Therefore, to constrain four-fermion operators we have to
include the cross sections for fermion-pair production at LEP2. We also include the differen-
tial cross sections for the W pair production to constrain the operator OW . There are several
operators, in addition to OW , that alter the cross section for W pair production. However,
these operators are well bounded by other measurements and the W pair production does
not contribute significantly to the bounds on their coefficients.

Operator(s) shift MW Z-pole DIS QW e+e− → ff (LEP2) e+e− → W+W−

OWB α, MZ
√ √ √ √ √

Oh MZ

Ot
ll GF

√ √
Os

ll, Ole
√ √

Oee
√

Os
lq, O

t
lq, Olu, Old

√ √ √
Oeq, Oeu, Oed

√ √
Ot

hl GF
√ √ √ √ √

Os
hl, Ohe

√ √ √ √ √
Ohu, Ohd, Os

hq, O
t
hq

√ √ √ √
OW

√

TABLE II: Measurements influenced by different operators. The check marks,
√

, indicate “direct”
corrections only. When an operator contributes to one of the input parameters, the corresponding

shift of the input parameter does affect all measurements.

IV. CALCULATIONS

In this section we describe the computation of the effects of dimension-6 operators. Since
a lot of work on this topic is already available in the literature, we quote the results whenever
available. We have independently verified all the quoted results.

We work in the linear approximation in terms of the coefficients ai. As we indicated
in the previous section, there are two ways that terms linear in ai arise. First, as a result
of additional Feynman diagrams due to the dimension-6 operators. In this case we simply
compute the interference terms between the new operators and the tree-level contribution
in the SM. Second, a few of our operators redefine the input parameters inferred from the
measurements of α, MZ , and GF . We use the tree-level SM results and expand to the linear

7

Han & Skiba, hep-ph/0412166
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EW precision constraints push ΛNP
eff well above “natural” TeV

scale, especially for strongly coupled NP.
- This is the source of difficulties with, e.g., Technicolor.

Called the “little hierarchy” problem: EW precision typically
gives tight constraints on NP models.

But SUSY is not tightly constrained...
Biggest corrections come from tree-level exchange. Superpart-
ners odd under R-parity: only exchanged in loops!

1/[ΛNP
eff ]2 → 1/16π2[ΛNP]2 −→ ΛNP ∼ 0.1ΛNP

eff

If the model has a parity like this, EW precision constraints are
no longer an issue.

- Little Higgs with T-parity
- Universal Extra Dimensions (KK-parity)

If little hierarchy bothers you, then expect a “TeV-scale parity”.
- Pair production of new particles
- Cascade decays to a stable “LTP” ← !
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What is the dark matter?
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What is the dark matter?

Need a stable neutral particle.
Thermal production in the early universe followed by freeze-out:

Typical annihilation cross

section: 〈σv〉 ∼ g4/16πM2

Observed DM abundance:

need σv ∼ 1 pb

If g ∼ weak interactions,

get M ∼ 100 GeV.

Kolb & Turner

A WIMP is a natural dark matter candidate!
TeV-scale parity makes it (more or less) automatic.
...but DM could still be something completely unrelated, like an axion.
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Lightning survey of

Beyond-the-Standard-Model

LHC phenomenology
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Supersymmetry

Generic channel is jets + missing energy from squark and gluino

production.

LHC, 1 fb−1 100 fb−1

Fast simulation result

Signal           : Isawig/Jimmy

Background : Alpgen

5-sigma discovery potential on m
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 Only statistical error is included.

 Backgound is estimated by Alpgen. 

 0-lepton mode : More statistics is available.

 1-lepton mode : Relatively smaller background uncertainty.

  Major background is tt(+njets) is comparatively predictable.  
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From Kanay’s Slide fo this meeting. 
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Figure 1: The reach of CERN LHC in the m0 vs. m1/2 parameter plane of the mSUGRA model,
with tanβ = 10, A0 = 0 and µ > 0, assuming 100 fb−1 of integrated luminosity. The red (magenta)
regions are excluded by theoretical (experimental) constraints discussed in the text. We show the
reach in the 0", 1", OS, SS, 3", ≥ 4", γ and Z channels, as well as in the “inclusive” "ET channel.

from h → γγ decay, where the h is produced copiously in sparticle cascade decays, especially

from Z̃2 → Z̃1h. In these regions, in fact, if we require two isolated photons, then we can

reconstruct a di-photon invariant mass. This is illustrated in Fig. 2 for the parameter space

point m0 = m1/2 = 500 GeV, A0 = 0, tan β = 30 and µ > 0. It is amusing to note that the

h → γγ signal should be visible in SUSY events for 100 fb−1 of integrated luminosity. We

see that (for these parameters) the highest possible luminosity is needed for the detection

events have ∼ 10 30-40 GeV “jets” in them, about one in 500 background events will also appear to have

an isolated photon. Assuming that this fake photon background can be estimated by reducing the physics

background in the inclusive Emiss
T channel by 500, we find that this background is somewhat smaller, but

of the same order of magnitude as the physics background that we have evaluated. A real evaluation of

this detector-dependent background is beyond the scope of our analysis.

– 6 –
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Supersymmetry: key measurements

1) Mass spectrum

Cascade decays
g̃ q̃R

q q

Ñ1

(a)

g̃ q̃L

q q

Ñ2 f̃

f f

Ñ1

(b)

g̃ q̃L

q q′

C̃1 f̃

f ′ f

Ñ1

(c)

g̃ q̃L

q q′

C̃1 W

Ñ1 f ′

f

(d)

Figure 8.2: Some of the many possible examples of gluino cascade decays ending with a neutralino
LSP in the final state. The squarks appearing in these diagrams may be either on-shell or off-shell,
depending on the mass spectrum of the theory.

8.5 Decays to the gravitino/goldstino

Most phenomenological studies of supersymmetry assume explicitly or implicitly that the lightest neu-
tralino is the LSP. This is typically the case in gravity-mediated models for the soft terms. However,
in gauge-mediated models (and in “no-scale” models), the LSP is instead the gravitino. As we saw in
section 6.5, a very light gravitino may be relevant for collider phenomenology, because it contains as its
longitudinal component the goldstino, which has a non-gravitational coupling to all sparticle-particle
pairs (X̃,X). The decay rate found in eq. (6.32) for X̃ → XG̃ is usually not fast enough to compete
with the other decays of sparticles X̃ as mentioned above, except in the case that X̃ is the next-to-
lightest supersymmetric particle (NLSP). Since the NLSP has no competing decays, it should always
decay into its superpartner and the LSP gravitino.

In principle, any of the MSSM superpartners could be the NLSP in models with a light goldstino,
but most models with gauge mediation of supersymmetry breaking have either a neutralino or a charged
lepton playing this role. The argument for this can be seen immediately from eqs. (6.58) and (6.59);
since α1 < α2, α3, those superpartners with only U(1)Y interactions will tend to get the smallest
masses. The gauge-eigenstate sparticles with this property are the bino and the right-handed sleptons
ẽR, µ̃R, τ̃R, so the appropriate corresponding mass eigenstates should be plausible candidates for the
NLSP.

First suppose that Ñ1 is the NLSP in light goldstino models. Since Ñ1 contains an admixture of
the photino (the linear combination of bino and neutral wino whose superpartner is the photon), from
eq. (6.32) it decays into photon + goldstino/gravitino with a partial width

Γ(Ñ1 → γG̃) = 2 × 10−3 κ1γ

( m
Ñ1

100 GeV

)5
( √〈F 〉

100 TeV

)−4

eV. (8.9)

Here κ1γ ≡ |N11 cos θW + N12 sin θW |2 is the “photino content” of Ñ1, in terms of the neutralino
mixing matrix Nij defined by eq. (7.33). We have normalized m

Ñ1
and

√〈F 〉 to (very roughly)
minimum expected values in gauge-mediated models. This width is much smaller than for a typical
flavor-unsuppressed weak interaction decay, but it is still large enough to allow Ñ1 to decay before it
has left a collider detector, if

√〈F 〉 is less than a few thousand TeV in gauge-mediated models, or
equivalently if m3/2 is less than a keV or so when eq. (6.31) holds. In fact, from eq. (8.9), the mean
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Figure 6: Dilepton + jet distributions for mSUGRA Point 5 as described in the text.

illustrated in Figure 5. In particular, a large part of the mSUGRA parameter space with
acceptable cold dark matter has light sleptons and hence enhanced !+!− decays.
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illustrated in Figure 5. In particular, a large part of the mSUGRA parameter space with
acceptable cold dark matter has light sleptons and hence enhanced !+!− decays.
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Figure 6: Dilepton + jet distributions for mSUGRA Point 5 as described in the text.

illustrated in Figure 5. In particular, a large part of the mSUGRA parameter space with
acceptable cold dark matter has light sleptons and hence enhanced !+!− decays.
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Supersymmetry: key measurements

2) Spin of superpartners

Universal Extra Dimensions can mimic SUSY

Stable “LKP” → jets + missing energy signatures.

UED, L = (500 GeV)−1 MSUGRA
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Supersymmetry: key measurements

2) Spin of superpartners

Need to be clever to find distinguishing observables!

Kinematic distributions, etc.

SUSY: q̃

χ̃0
2

"̃∓
L

χ̃0
1

UED: Q1

Z1

"∓1

γ1

q

"± (near)

"∓ (far)

FIG. 10: Twin diagrams in SUSY and UED. The upper (red) line corresponds to the cascade decay

q̃ → qχ̃0
2 → q"±"̃∓L → q"+"−χ̃0

1 in SUSY. The lower (blue) line corresponds to the cascade decay

Q1 → qZ1 → q"±"∓1 → q"+"−γ1 in UED. In either case the observable final state is the same:

q"+"− /ET .

analogous decay chain Q1 → qZ1 → q!±!∓1 → q!+!−γ1 in UED [11, 12]. Both of these

processes are illustrated in Fig. 10.

FIG. 11: Lepton-quark invariant mass distributions in (a) UED with R−1 = 500 GeV and (b)

supersymmetry with a matching sparticle spectrum. We show separately the distributions with

the near and far lepton, and their sum. The positive (negative) charge leptons are shown in red

(blue).

Next, one forms the lepton-quark invariant mass distributions M!q (see Fig. 11). The

spin of the intermediate particle (Z1 in UED or χ̃0
2 in SUSY) governs the shape of the

distributions for the near lepton. However, in practice we cannot distinguish the near and

far lepton, and one has to include the invariant mass combinations with both leptons. This

tends to wash out the spin correlations, but a residual effect remains, which is due to the

26

FIG. 12: Comparison of the charge asymmetry A+− defined in eq. (8) as computed in the case of

UED with R−1 = 500 GeV and the case of supersymmetry with a matching sparticle spectrum.

different number of quarks and antiquarks in the proton, which in turn leads to a difference

in the production cross-sections for squarks and anti-squarks [9]. The spin correlations are

encoded in the charge asymmetry [9]

A+− ≡
(

dN(q!+)

dMql

− dN(q!−)

dMql

)/ (
dN(q!+)

dMql

+
dN(q!−)

dMql

)
, (8)

where q stands for both a quark and an antiquark, and N(q!+) (N(q!−)) is the number of

entries with positively (negatively) charged lepton. Our comparison between A+− in the

case of UED and SUSY [11, 12] is shown in Fig. 12. We see that although there is some

minor difference in the shape of the asymmetry curves, overall the two cases appear to be

very difficult to discriminate unambiguously, especially since the regions near the two ends

of the plot, where the deviation is the largest, also happen to suffer from poorest statistics.

Notice that we have not included detector effects or backgrounds. Finally, and perhaps most

importantly, this analysis ignores the combinatorial background from the other jets in the

event, which could be misinterpreted as the starting point of the cascade depicted in Fig. 10.

Overall, Fig. 12 shows that although the asymmetry (8) does encode some spin correlations,

distinguishing between the specific cases of UED and SUSY appears challenging. These

results have been recently confirmed in [14], where in addition the authors considered a

study point with larger mass splittings, as expected in typical SUSY models. Under those

27

Datta, Kong & Matchev, hep-ph/0509246
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Supersymmetry: key measurements

3) Coupling relations

gauge couplings ↔ gaugino Yukawa couplings

q

q* q’*

q’

g

q,q*

g q,q*

g

q

g

g

g

g

g

q

q,q*

q

q,q*

g

q

g

g

q

q

q

q*

g

g

q

Figure 1: Some examples for Feynman diagrams for partonic squark and gluino production
in hadron collisions. Dots indicate the gauge coupling gs, while squares stand for the Yukawa
coupling ĝs.

dominantly produces ũ and d̃ squarks, with smaller admixtures of sea-flavoured squarks, in
direct proportion to the quark content of the proton at the relevant x and Q2 values.

Due to the flavour locking, only the first two generations of squarks are thus relevant,
for which mixing effects are small and we can take mass and current eigenstates to be
identical to good approximation. That is, the heavier q̃ mass eigenstate is pure q̃L (weak
isospin doublet), and the lighter one pure q̃R (weak isospin singlet). Nominally, the lighter
one would be the better target for a high-statistics study, simply due to phase space, but
since it doesn’t couple to weak interactions, it decays almost exclusively via the hypercharge
coupling to a same-flavour quark and the LSP. Since charge tagging for light-flavour jets is
exceedingly difficult, this decay mode effectively obscures the fact that we had same-flavour
squarks to begin with. Moreover, since it only contains a jet and missing energy, the mode
would be extremely challenging to separate from the background. The only feasible avenue
thus appears to be to use flavour/charge tagging modes of the heavier mass eigenstates, the
q̃L.

For q̃L, the charge of the squark can be tagged through a chargino decay chain,

ũL → d χ̃+
1 → d l+ νl χ̃

0
1, d̃L → u χ̃−

1 → u l− ν̄l χ̃
0
1, (3)

ũ∗
L → d̄ χ̃−

1 → d̄ l− ν̄l χ̃
0
1, d̃∗

L → ū χ̃+
1 → ū l+ νl χ̃

0
1, (4)

and similarly for s̃L and c̃L. For a given squark flavor, the sign of the final-state lepton is
related to the charge of the (anti-)squark. The production of same-sign squarks through
the diagram in the lower left corner of Fig. 1 with this decay channel will therefore lead
to same-sign leptons in the final state, while other direct squark production processes will
tend to produce opposite-sign leptons in the final state. At this level, the signal is thus
characterized by two same-sign leptons, two hard jets and missing transverse energy in the
final state.

3

Freitas & Skands, hep-ph/0606121

Requires ILC input for squark decay BRs.
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Supersymmetry: variations

MSSM – minimal model

Want to measure mass spectrum

→ SUSY breaking mechanism!

NMSSM – extra Higgs singlet & neutralino

Can’t just fit to MSSM assumptions

Supersymmetric Fat Higgs model – heavier Higgs spectrum

Compositeness at high scale

Higgs phenomenology very different than MSSM
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Composite Higgs

Venerable example: Technicolor

No Higgs per se; Goldstones are composites (“pions”)

Strongly coupled: can’t calculate reliably

Calculate by analogy with QCD: too large effect on EW

precision observables

Hard to make top quark heavy enough

New understanding: AdS/CFT correspondence

Strongly coupled theories are dual to warped extra dimen-

sional theories, like Randall-Sundrum model

Warped 5-dim theories are calculable!

Composite states ↔ states near IR brane
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Composite Higgs: Randall-Sundrum model

Has a physical Higgs state

Higgs lives on IR brane

Higgs is composite

SSI 2004 Greg Landsberg, Searching for Extra Dimensions at the Tevatron 19

Randall-Sundrum 
Scenario

Randall-Sundrum (RS) scenario [PRL 83, 3370 (1999); 
PRL 83, 4690 (1999)]

+ brane – no low energy effects
+ – branes – TeV Kaluza-Klein modes of graviton
Low energy effects are given by !"; for krc ~  10, 
!" ~  1 TeV and the hierarchy problem is solved 
naturally
Zero-mode coupling is suppressed as 1/MPl; other 
modes are coupled as 1/!T

G

Planck brane x5

SM brane

2222 #$%& '(
('

#$ drdxdxeds kr

") 8PlPl MM

r

Planck brane
(# = 0)

SM brane
(#*&*")

AdS5

#

k – AdS curvature

"$
" &! kr

PleM
Reduced Planck mass:

5-dim fermion wavefunction

overlaps give natural explana-

tion for exponential hierarchy of

fermion masses
0 1 2 3 4 5 6 7 8 9 10

Q2

u2

Q1

d3

Q3, u3

<H>   (on brane)

y

Figure 2: Zero mode profiles for some of the quarks, for the model with the Higgs VEV

localized at y = 0.

masses on the order of 100 TeV. The 5d mass terms are,

L =

{
Y e

ij

M∗
〈H〉 li ej +

Y ν
ij

M∗
〈Hc〉 li νj

}
δ(y) + Mν

Rij νc
i νj + h.c. (2.17)

Moving to the Kaluza-Klein description, the zero modes for the left-handed neutrinos

have Dirac masses with the entire tower of right-handed neutrino modes. The spacing

in this tower will not be the compactification scale 1/L but characteristic of the width

of the localized wave function. The contributions to the low energy neutrino masses

will differ from those estimated below (where we only take into account zero modes)

by coefficients of order unity, which is to the accuracy we are currently working.

The Dirac masses for the charged and neutral leptons are again proportional to

wave functions evaluated at y = 0,

me
ij

v
=

Y e
ij

M∗
ψ0

li(0) ψ0
ej

(0) ,
mν

ij

v
=

Y ν
ij

M∗
ψ0

li(0) ψ0
νj

(0), (2.18)

which for the charged leptons may simply be diagonalized. Once again, we integrate

out the heavy singlet neutrinos, resulting in an effective Majorana mass matrix for

10
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Composite Higgs: Randall-Sundrum model

Has a physical Higgs state

Higgs lives on IR brane

Higgs is composite

SSI 2004 Greg Landsberg, Searching for Extra Dimensions at the Tevatron 19

Randall-Sundrum 
Scenario

Randall-Sundrum (RS) scenario [PRL 83, 3370 (1999); 
PRL 83, 4690 (1999)]

+ brane – no low energy effects
+ – branes – TeV Kaluza-Klein modes of graviton
Low energy effects are given by !"; for krc ~  10, 
!" ~  1 TeV and the hierarchy problem is solved 
naturally
Zero-mode coupling is suppressed as 1/MPl; other 
modes are coupled as 1/!T

G

Planck brane x5

SM brane

2222 #$%& '(
('

#$ drdxdxeds kr

") 8PlPl MM

r

Planck brane
(# = 0)

SM brane
(#*&*")

AdS5

#

k – AdS curvature

"$
" &! kr

PleM
Reduced Planck mass:

Z′, KK gluon

- Decays preferentially to tt̄: TeV resonances in top pairs!

- Enhanced coupling to right-handed top

t′, other KK quarks

- Single production via qW , qZ fusion

Cross section larger than pair production for heavy masses

- Decays back to qW , qZ
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Composite Higgs: Higgsless model

Minimal effective theory, supposed to be dual to technicolor

New W ′, Z′ gauge bosons ∼ TeV:

KK excitations from extra dimension

Techni-rho type composite states

New states couple more strongly to top than to lighter fermions:

Top lives near the IR brane

Top is mostly-composite mixture
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Composite Higgs: Little hierarchy

EW precision forces compositeness scale relatively high:

Have to fine tune a little to get Higgs light enough

Little Higgs models: use symmetries to make the Higgs lighter

Eliminate one-loop Higgs mass corrections

∆µ2 ∼ (g2/16π2)2Λ2 instead of (g2/16π2)Λ2

Push compositeness scale up to 10 TeV without finetuning

Need new particles at 1 TeV to cancel one-loop µ2 corrections

Top partner T :

H

t

t

H

a)

H

T

t

H

b)

T

c)

λ t λ t λT λT

T

H Hλ′T--------
MT

MT

×
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Composite Higgs: Little Higgs

Top partner T : Production Decay to tZ

Invariant Mass (GeV)
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Figure 2: Reconstructed mass of the Z and t (inferred from the measured lepton, /ET , and tagged
b−jet). The signal T → Zt is shown for a mass of 1000 GeV. The background, shown as the filled
histogram, is dominated by WZ and tbZ (the latter is larger) production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%. More details can be found in Ref [17].

• Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is
required to have pT > 100 GeV.

• No other leptons with pT > 15 GeV.

• /ET > 100 GeV.

• At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavor
and opposite sign is required to have an invariant mass within 10 GeV of Z mass. The efficiency
of these cuts is 3.3% for mT = 1000 GeV. The third lepton is then assumed to arise from a W and
the W ’s momentum reconstructed using it and the measured /ET .

The invariant mass of the Zt system can then be reconstructed by including the b−jet. This
is shown in Figure 2 for mT = 1000 GeV where a clear peak is visible above the background.
Following the cuts, the background is dominated by tbZ which is more than 10 times greater than
all the others combined. The cuts accept 0.8% of this background [17].

Using this analysis, the discovery potential in this channel can be estimated. The signal to
background ratio is excellent as can be seen from Figure 2. Requiring a peak of at least 5σ
significance containing at least 10 reconstructed events implies that for λ1/λ2 = 1(2) and 300 fb−1

the quark of mass MT < 1050(1400) GeV is observable. At these values, the single T production
process dominates, justifying a posteriori the neglect of TT production in this simulation.

4

Han, McElrath, H.L. & Wang, hep-ph/0301040 Azuelos et al, hep-ph/0402037

Characteristic signature for new singlet quark coupled to Higgs

& top.
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Composite Higgs: Little Higgs

Gauge partners WH, ZH (and sometimes BH):
WH →Wh characteristic signature 5σ discovery w/ 300 fb−1:
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Figure 16: Invariant mass of the Wh system reconstructed from the !+νbb final state showing the
signal from a WH of mass 1000 GeV with cot θ = 0.5 above the Standard Model background. The
vertical lines define the signal region.
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Figure 22: Plot showing the accessible regions for 5σ discovery of the gauge bosons WH and ZH as
a function of the mass and cot θ for the various final states. The regions to the left of the lines are
accessible with 300 fb−1.

27

Azuelos et al, hep-ph/0402037

ZH → `+`−, WH → `ν characteristic signatures for generic new
gauge bosons.
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Composite Higgs: Little Higgs with T-parity
A kind of “deconstructed” UED: Looks more like SUSY!

Looser electroweak constraints → lighter new particles
T-parity → pair production, stable “LTP” (dark matter)

EW precision allows much heavier Higgs than SM
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Hubisz, Meade, Noble, Perelstein, hep-ph/0506042
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Outlook

LHC begins in less than a year.

Best chance to answer big questions of particle physics.

What is the origin of mass?

- Discover SM(-like) Higgs

- Measure key Higgs properties

Why is gravity so much weaker than the other forces?

- New Physics at TeV scale to stabilize the hierarchy

- Many many possibilities; wide range of common signatures

What is the dark matter?

- EW-scale WIMP gives right relic density

- New TeV-scale parity to make it stable

- End of decay chain: missing energy signal
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