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The Standard Model is extremely successful so far.

Can’t we get by with just the degrees of freedom that we’ve

observed?

- 3 generations of quarks; CKM matrix for flavor physics

- 3 generations of charged leptons

- Neutrinos with mass (might need something new there)

- gluons from SU(3) strong interaction

- photon plus massive W± and Z from SU(2) × U(1)

(Electroweak symmetry is broken, but do we really have to worry about how?)

- (Dark matter?)

- (How to bring gravity into the quantum theory?)
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The Standard Model is extremely successful so far.

Can’t we get by with just the degrees of freedom that we’ve

observed?

- 3 generations of quarks; CKM matrix for flavor physics

- 3 generations of charged leptons

- Neutrinos with mass (might need something new there)

- gluons from SU(3) strong interaction

- photon plus massive W± and Z from SU(2) × U(1)

(Electroweak symmetry is broken, but do we really have to worry about how?)

- (Dark matter?)

- (How to bring gravity into the quantum theory?)

The answer is no:

the SM without a Higgs is intrinsically incomplete.
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Scattering of longitudinally-polarized W s exposes need for a Higgs∗

SU(2) x U(1) @ E
4

Sum                0                   

Graphics from R.S. Chivukula, LHC4ILC 2007 ∗or something to play its role
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Scattering of longitudinally-polarized W s exposes need for a Higgs∗Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

Graphics from R.S. Chivukula, LHC4ILC 2007 ∗or something to play its role
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Standard Model Higgs mechanism:

Electroweak symmetry broken by an SU(2)-doublet scalar field:

H =

(
G+

(h+ v)/
√

2 + iG0/
√

2

)

• G+ and G0 are the Goldstone bosons (eaten by W+ and Z).

• v is the SM Higgs vacuum expectation value (vev),

v = 2mW/g ' 246 GeV.

• h is the SM Higgs field, a physical particle.

Electroweak symmetry breaking comes from the Higgs potential:

V = µ2H†H + λ(H†H)2

where λ ∼ O(1)

and µ2 ∼ −O(M2
EW).

⇒ v2 = −µ2/λ = (246 GeV)2,

⇒ M2
h = 2λv2 = −2µ2.
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Direct SM Higgs searches – LEP expts final combination
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Figure 10: The 95% confidence level upper bound on the ratio ξ2 = (gHZZ/gSM
HZZ)2 (see text). The dark

and light shaded bands around the median expected line correspond to the 68% and 95% probability
bands. The horizontal lines correspond to the Standard Model coupling. (a): For Higgs boson decays
predicted by the Standard Model; (b): for the Higgs boson decaying exclusively into bb̄ and (c): into
τ+τ− pairs.

22

Final LEP combination, Phys. Lett. B565, 61 (2003)

e+e− → Z∗ → ZH

SM Higgs decay

BRs assumed

ξ = scaling factor

on ZZH relative to

SM

SM limit:

MH ≥ 114.4 GeV
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Latest SM Higgs results from Tevatron (EPS-HEP 2011)

Tevatron combined, arXiv:1107.5518 [hep-ex], shown at EPS-HEP 2011
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Latest SM Higgs results from LHC (Lepton-Photon 2011)
SM Higgs Search Combination 

26 

Expected exclusion mass range: 130 – 440 GeV 
Observed exclusion mass range: 145-216, 226-288, 310-400 GeV 

CMS PRELIM 

ATLAS-CONF-2011-135 CMS PAS HIG-11-022 (LP2011)

CMS + ATLAS exclude (at 95% CL) all mass regions except:
below 145 GeV, 288–296 GeV, and above 464 GeV.

Higgs with suppressed gluon-fusion production coupling and/or suppressed

WW,ZZ decay BRs still allowed in the SM-excluded mass regions.
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Precision electroweak SM Higgs mass fit (summer 2011)

LEP Electroweak Working Group (2011)

Precision EW favors low-mass allowed window, 114.4–145 GeV.
(Fit valid only in SM context; new physics can change preferred mass range.)
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LHC Higgs channels: focus on SM, low-mass range

W/ZH,
H → b̄b

H → ττ

H → ZZ
→ 4`

H → γγ

H →WW
→ `ν`ν

H → b̄b

H → ττ

H → ZZ
→ 4`

H → γγ

H →WW

combined

ATLAS-CONF-2011-135 CMS PAS HIG-11-022 (LP2011)

Not yet done: VBF → H → ττ,WW,ZZ, γγ; ttH,H → bb, γγ,WW ; WH,H → γγ

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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Low-mass range most interesting for extracting Higgs couplings.
- Ratios of rates give ratios of partial widths.
- Add theory assumption: hWW,hZZ ≤ SM ⇒ fit Higgs coups.
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110 120 130 140 150 160 170 180 190

(H
,X

)
2 g

(H
,X

)
2

 g∆

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
(H,Z)2g

(H,W)2g

)τ(H,2g

(H,b)2g

(H,t)2g

HΓ

without Syst. uncertainty

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

Plus input from Tevatron at low end of mass range?
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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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Δφjj

CP-even, CP-odd
CP-even
CP-odd

SM

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; plot for MH = 120 GeV

HV µVµ structure is “smoking gun” for Higgs mechanism EWSB.
Check for CP violation and/or loop-induced HV µνVµν structure.
Can also use H → ZZ,WW lepton distributions.
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Why expect more than just SM Higgs: The Hierarchy Problem

The Higgs mass-squared parameter µ2 gets quantum corrections

that depend quadratically on the high-scale cutoff of the theory.

Calculate radiative corrections

from, e.g., a top quark loop.

µ2 = µ2
0 + ∆µ2

H

t

t

H

a)

H

T

t

H

b)

T

c)

! t ! t !T !T

T

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

MT
×

For internal momentum p, large compared to mt and external h

momentum:

Diagram =
∫

d4p

(2π)4
(−)NcTr

[
iλt

i

p/
iλt

i

p/

]

= −Ncλ2
t

∫
d4p

(2π)4
Tr

[
1

p2

]
Tr [1] = 4

= −4Ncλ2
t

(2π)4

∫
d4p

p2

Momentum cutoff Λ: Integral diverges like Λ2.
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Full 1-loop calculation gives

∆µ2 =
Ncλ2

t

16π2

[
−2Λ2 + 6m2

t ln(Λ/mt) + · · ·
]

We measure µ2 ∼ −O(M2
EW) ∼ −(100 GeV)2 = −104 GeV2.

Nature sets the bare parameter µ2
0 at the cutoff scale Λ.

If Λ = MPl = 1√
8πGN

∼ 1018 GeV, then ∆µ2 ∼ −1035 GeV2!

- Not an inconsistency in the theory.

Renormalizable: absorb the divergence into the bare parameter µ2
0.

- But it is an implausibly huge top-down coincidence that µ2
0 and

∆µ2 cancel to 31 decimal places! Looks horribly fine-tuned.

and not just at one loop – must cancel two-, three-, four-, ... loop contributions

Want |∆µ2| ∼ (100 GeV)2 ⇒ Λ ∼ 1 TeV.

Expect New Physics that solves hierarchy problem at TeV scale!

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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Aside: Can the SM be valid all the way to the Planck scale?

Figure 2: Summary of the uncertainties connected to the bounds on MH . The upper

solid area indicates the sum of theoretical uncertainties in the MH upper bound for

mt = 175 GeV [12]. The upper edge corresponds to Higgs masses for which the

SM Higgs sector ceases to be meaningful at scale Λ (see text), and the lower edge

indicates a value of MH for which perturbation theory is certainly expected to be

reliable at scale Λ. The lower solid area represents the theoretical uncertaintites in

the MH lower bounds derived from stability requirements [9, 10, 11] using mt = 175

GeV and αs = 0.118.

Looking at Fig. 2 we conclude that a SM Higgs mass in the range of 160 to

170 GeV results in a SM renormalisation-group behavior which is perturbative and

well-behaved up to the Planck scale ΛP l ! 1019 GeV.

The remaining experimental uncertainty due to the top quark mass is not rep-

resented here and can be found in [9, 10, 11] and [12] for lower and upper bound,

respectively. In particular, the result mt = 175 ± 6 GeV leads to an upper bound

MH < 180 ± 4 ± 5 GeV if Λ = 1019 GeV, (4)

the first error indicating the theoretical uncertainty, the second error reflecting the

residual mt dependence [12].

5

Landau Pole:

Higgs self-coupling

too large; blows up

at scale Λ

Vacuum Instability:

Higgs self-coupling

too small com-

pared to top

Yukawa; runs

negative at scale Λ
Hambye & Riesselmann, hep-ph/9708416

SM Higgs sector is perturbative and stable (but terribly fine-tuned)

all the way to the Planck scale for MH ' 134–180 GeV.
∃ window for ∼134–145 GeV. For a nice review see Quigg, arXiv:0905.3187

Smaller top mass ⇒ lower bound decreases a little.

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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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.]

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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Supersymmetry

SUSY signals depends hugely on the SUSY mass spectrum:

controls 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

85

Generic features:

- Jets + MET: strong squark and/or gluino production, cascade

decays to invisible LSP.

- Leptons + MET: electroweak production of sleptons, gaugi-

nos: typically lighter than squarks/gluino due to renormalization-

group running.

- 3rd generation + MET: renormalization-group running tends

to drive top, bottom squarks lighter than others.

- Photons + MET: SUSY-breaking at an intermediate scale ⇒
gravitino is LSP, cascade decays to NLSP (bino).

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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General features of the SUSY mass spectrum
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

Martin, hep-ph/9709356

- Squarks start with common mass at
high scale to avoid flavour problems

- Run down using RGEs ⇒ coloured
particles heavier

- Large Yukawa coupling (t̃; b̃, τ̃) pulls
the mass down

- Left-right mixing large when Yukawa
is large ⇒ mass splitting

- Heavier stops pull up the h0 mass,
but too-heavy stops reintroduce fine-
tuning. 1 TeV stops are nice; 2 TeV I
think are a bit stretched.

- Gluino mass is an independent pa-
rameter from squark masses

- Gluino:Wino:Bino mass ratios fixed
by SUSY-breaking mechanism.
* mSUGRA, GMSB: 7 : 2 : 1
* AMSB: 8.3 : 1 : 2.8

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011

21



Supersymmetry definitely predicts a Higgs boson.
- h0: tends to be SM-like
- H0, A0, H±: tend to be degenerate; decays depend on tanβ

MSSM with top squarks below 1 TeV requires Mh . 135 GeV.

Figure 14: Lightest CP-even Higgs mass (mh), heaviest CP-even Higgs mass (mH) and charged Higgs mass (mH± ) as a
function of mA for two choices of tanβ = 3 and tanβ = 30. Here, we have taken Mt = 174.3 GeV, and we have assumed
that the diagonal soft squark squared-masses are degenerate: MSUSY ≡ MQ = MU = MD = 1 TeV. In addition, we
choose the other supersymmetric parameters corresponding to the maximal mixing scenario. The slight increase in the
charged Higgs mass as tan β is increased from 3 to 30 is a consequence of the radiative corrections.

maximal mixing. For each value of tanβ, we denote the maximum value of mh by mmax
h (tanβ) [this

value also depends on the third-generation squark mixing parameters]. Allowing for the uncertainty
in the measured value of mt and the uncertainty inherent in the theoretical analysis, one finds for
MSUSY <∼ 2 TeV that mh ≤ mmax

h ≡ mmax
h (tan β $ 1), where

mmax
h % 122 GeV, if top-squark mixing is minimal,

mmax
h % 135 GeV, if top-squark mixing is maximal. (45)

In practice, parameters leading to maximal mixing are not expected in typical models of supersymmetry
breaking. Thus, in general, the upper bound on the lightest Higgs boson mass is expected to be
somewhere between the two extreme limits quoted above. Cross-checks among various programs [157]
and rough estimates of higher order corrections not yet computed suggest that the results for Higgs
masses should be accurate to within about 2 to 3 GeV over the parameter ranges displayed in figs. 12–14.

In fig. 14, we exhibit the masses of the CP-even neutral and the charged Higgs masses as a function

35

Carena & Haber, hep-ph/0208209

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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MSSM light-Higgs discovery can be tricky due to mixing and

modification of loop-induced couplings by SUSY particles.

M. Carena, talk at Pheno 2011

 For a large region of parameter space 
suppression of the      mode at the LHC 

Mh ~ 115 -125 GeV 

Tevatron 

LHC 

Suppression still sizable for mA as large as 500 GeV  

γγ

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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MSSM M. Carena, talk at Pheno 2011

LHC reach for the MSSM SM-like Higgs 

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

Important to improve on early LHC reach in tau tau mode 

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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MSSM Higgses: ττ resonance search (from A0/H0/h0)

 [GeV]Am
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β
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n
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-1D0 7.3 fb
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-1CMS Preliminary 2011 1.6 fb

 = 1 TeV
SUSY

 scenario, Mmax
hMSSM m

ATLAS-CONF-2011-132 (Lepton-Photon 2011) CMS-PAS-HIG-11-020 (yesterday!)

Most of “difficult” light-A0 region is already excluded.
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Is SUSY compatible with a Higgs above 135 GeV?

Yes, but it requires modifications. Options:
- “Hard” or very-low-scale SUSY breaking
- NMSSM (coupling λSHuHd) with large λ⇒ Landau pole
- ⇒ Supersymmetric “Fat Higgs” model and variants:
- Higgs ∼ 200–450 GeV. (Still viable with mixing, new decay modes)
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Harnik, Kribs, Larson, Murayama, hep-ph/0311349

- Make the top squarks heavier (reintroduces fine-tuning)
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Supersplit Supersymmetry∗ predicts 128± 2 – 141± 2 GeV
Fox, Kaplan, Katz, Poppitz, Sanz, Schmaltz, Schwartz & Weiner, hep-ph/0503249
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Figure 2: The Higgs mass prediction in the SM for theories where the boundary condition for the
quartic coupling at m̃ is given by Eq. (2), for fixed values of m̃ = 1014 GeV and αs(MZ) = 0.1176.
The solid red curve gives the Higgs mass prediction for mt = 173.1 GeV, while the shaded red
band shows the uncertainty that arises from the experimental uncertainty in the top quark mass
of ±1.3 GeV. The horizontal blue lines show the corresponding asymptotes of the prediction for
large tanβ. For tan β < 1, an identical figure results provided the horizontal axis is labeled by
cotβ.

section 3.3 we discuss the relation to other work.

All figures and analytical results are obtained using two-loop renormalization group (RG)

scaling of all couplings from m̃ to the weak scale, together with one-loop threshold corrections

at the weak scale, including the one-loop effective potential for the Higgs field. In addition,

we include the two- and three-loop QCD threshold corrections in converting the top-quark pole

mass to the MS top Yukawa coupling, since they are anomalously large. Experimental values of

mt = 173.1 ± 1.3 GeV [11] and αs(MZ) = 0.1176 ± 0.002 [12] are used.

3.1 SM below m̃

In a general supersymmetric model, the SM Higgs doublet may be a combination of super-

symmetric Higgs doublets having opposite hypercharge so that, before including threshold cor-

rections, the boundary condition on the quartic coupling is given by Eq. (2). The resulting

prediction is actually a correlation between the Higgs boson mass and the parameter tanβ, as

shown by the solid red curve in Figure 2. Remarkably, even as β varies over all possible values,

the Higgs mass lies in a narrow, high-scale supersymmetry, window of ! (128 – 141) GeV. Fur-

thermore, for large values of tanβ the Higgs mass rapidly asymptotes to ! 141 GeV, shown by

8

Hall & Nomura, JHEP 1003, 076 (2010)

Plot: mt = 173.1 GeV, m̃ = 1014 GeV; uncert. from ∆mt, ∆αs.

∗more than just the best April Fool’s joke in particle physics!
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Same as high-cutoff SM with stable, perturbative Higgs poten-
tial; GUT boundary condition fixes Higgs quartic at 1014−16 GeV.

Figure 2: Summary of the uncertainties connected to the bounds on MH . The upper

solid area indicates the sum of theoretical uncertainties in the MH upper bound for

mt = 175 GeV [12]. The upper edge corresponds to Higgs masses for which the

SM Higgs sector ceases to be meaningful at scale Λ (see text), and the lower edge

indicates a value of MH for which perturbation theory is certainly expected to be

reliable at scale Λ. The lower solid area represents the theoretical uncertaintites in

the MH lower bounds derived from stability requirements [9, 10, 11] using mt = 175

GeV and αs = 0.118.

Looking at Fig. 2 we conclude that a SM Higgs mass in the range of 160 to

170 GeV results in a SM renormalisation-group behavior which is perturbative and

well-behaved up to the Planck scale ΛP l ! 1019 GeV.

The remaining experimental uncertainty due to the top quark mass is not rep-

resented here and can be found in [9, 10, 11] and [12] for lower and upper bound,

respectively. In particular, the result mt = 175 ± 6 GeV leads to an upper bound

MH < 180 ± 4 ± 5 GeV if Λ = 1019 GeV, (4)

the first error indicating the theoretical uncertainty, the second error reflecting the

residual mt dependence [12].

5

Landau Pole:

Higgs self-coupling

too large; blows up

at scale Λ

Vacuum Instability:

Higgs self-coupling

too small com-

pared to top

Yukawa; runs

negative at scale Λ
Hambye & Riesselmann, hep-ph/9708416

∃ window for ∼134–145 GeV.

Compare Supersplit SUSY: ∼128–141 GeV
Lower edge of “window” depends sensitively on top mass.
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Less extreme: Split Supersymmetry
Preserves gauge coupling unification, dark matter candidate; less fine-tuned.

Gauginos at TeV scale pull up Higgs mass compared to Supersplit

Figure 10: The value of the Higgs mass as a function of m̃. The bands include 1-σ errors on
mt and αs(MZ). The upper band corresponds to tanβ = 50 and the lower one to tanβ = 1.5.

3.5 Dark Matter

As discussed in the introduction, in the absence of the naturalness criterion, dark matter

can provide the link between new physics and the electroweak scale. It is therefore crucial

to study what are the implications of the request that the lightest neutralino is the dark

matter particle. Differently than in ordinary low-energy supersymmetry, the parameter µ

is not determined by electroweak symmetry breaking, but uniquely by the relic abundance

calculation. In this section, we study this relation.

Let us first consider the case in which the lightest neutralino is mostly B-ino. Since

squarks and sleptons are decoupled and the B-ino is a gauge singlet, its only interaction is

through its coupling g̃′
u,d with Higgs and higgsinos, given in eq. (20). Therefore, if µ ! M1,

the B-ino is nearly decoupled and it annihilates too weakly in the early universe. This means

that we need to consider values of µ comparable with M1, and thus the lightest neutralino

χ is always a mixture of gaugino and higgsino and never a pure state. Through the mixing,

this state annihilates efficiently into Higgs and gauge bosons. The dominant contribution,

when µ is not much larger than M1 comes from p-wave annihilation into longitudinal gauge

bosons which, for M1 ! MZ , gives a χ relic abundance

Ωχh2 " 0.1
µ2(M2

1 + µ2)2

m4
χ TeV2 . (34)

Now we turn to the case in which the lightest neutralino is mainly a higgsino. The

higgsino has gauge interactions which survive in the limit M1,2 ! µ, and therefore it can be

19

tanβ = 50

tanβ = 1.5

Giudice & Romanino, Nucl. Phys. B699, 65 (2004)

Gluino signatures are key: can have displaced vertices, CHAMPs.
New study: Alves, Izaguirre & Wacker, arXiv:1108.3390
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Composite Models

Compositeness models trace EWSB to some new strong dynam-
ics at or above the TeV scale.

Three broad classes of possibilities:

Technicolor (or Higgsless models)
- No Higgs state per se
- Goldstone bosons eaten by W,Z are bound states (“pions”) of
strongly-coupled dynamics

Composite-Higgs models
- Genuine Higgs (or Higgs-like) particle exists: bound state of
strongly-coupled theory

Little Higgs models
- Higgs kept light by an extra layer of global symmetries; allows
strong-coupling scale to be pushed higher
- Minimal extra matter content (top-partner, W ′, Z′, ...) near
TeV scale

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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Technicolor

Strongly coupled theory: hard to calculate reliably
Original analyses used QCD measurements ⇒ too large effect on precision

EW. Technicolor can’t be just like QCD.

New understanding:
- Better techniques for strongly-coupled gauge theories
- AdS/CFT correspondence: calculate in 5-dim “dual” theory

“Deconstruct” the 5-dim theory to 4-dim for phenomenologically-
useful “Higgsless” model:
- Expect techni-rho spin-1 resonances (W ′, Z′) below TeV scale
- Exchange of these unitarizes WW scattering up to ∼1.5 TeV

- resonance decays into WW , WZ

- Can have physical techni-pions depending on global symmetries

Hard to make top quark heavy enough ⇒ top-color, etc.
- Expect top-Higgs, top-pions
- Implications from LHC Higgs searches

Heather Logan (Carleton U.) LHC Phenomenology Physics In Collision 2011
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Top-Higgs

Dedicated (composite) scalar doublet to generate most of top

quark mass: common add-on for models of dynamical EWSB.

- topcolor-assisted technicolor

- deconstructed “top triangle” 3-site Moose

Top-Higgs doublet has vev f = vSM sinω

(Strong dynamics responsible for most of EWSB: vSM cosω)

Top-Higgs particle Ht couples only to tt̄, WW , ZZ at tree level

- WW , ZZ couplings suppressed ∼ sinω

- tt̄ coupling enhanced ∼ 1/ sinω

- gg → Ht enhanced ∼ 1/ sin2 ω: LHC production enhanced!

Typical mass is MHt . 2mt for dynamical top mass generation

in topcolor-assisted technicolor (TC2)
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LHC Higgs search: relevant channels are gg → Ht →WW,ZZ

BR(Ht →WW,ZZ) is suppressed when decays to top-pions
(W±Π∓t , ZΠ0

t , ΠtΠt) are kinematically accessible.

Top-pion mass constrained by exotic top decay limits: t→ Π+
t b.
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FIG. 2. Left: Contours of constant branching ratio BR(t → Πtb), as calculated from eq. (8) in the (sinω, MΠt) plane, taking
mt = 172 GeV and neglecting the bottom-quark mass. The dark blue region is excluded by Tevatron bound [31, 32], and
MΠt must lie above the BR = 0.2 line for the corresponding value of sinω. The contours for BR = 0.1 and 0.05 (dashed
lines) are shown to indicate how this bound may evolve in the future if the bound continues to improve. Right: Regions in the
(MHt , sinω) plane excluded by the ATLAS [3] and CMS [4] upper bounds on σ(pp → Ht → WW ) for MΠt = 130 GeV (dark
wine regions outside long-dashed lines), 150 GeV (medium red regions above short-dashed line), 172 GeV (moderate orange
region to left of dotted line) and 400 GeV (light gold region to left of dot-dashed line). Very dark blue regions are excluded for
top-pion masses that saturate the Tevatron bound for a given value of sinω.

σ(pp → Ht → WW/ZZ)

σ(pp → HSM → WW/ZZ)
=

[σgg(pp → Ht) + σV BF (pp → Ht)] BR(Ht → WW/ZZ)

[σgg(pp → HSM ) + σV BF (pp → HSM )] BR(HSM → WW/ZZ)
(16)

≈
�

1
sin2 ω

σgg(pp → HSM ) + sin2 ω · σV BF (pp → HSM )
�

σgg(pp → HSM ) + σV BF (pp → HSM )
· BR(Ht → WW/ZZ)

BR(HSM → WW/ZZ)
.

While this relationship is appropriate for the ratio of inclusive cross sections, the experimental limits include detector-
dependent effects such as acceptances and efficiencies. To the extent that gluon-fusion and vector-boson fusion Higgs
(or top-Higgs) events differ, then this equation is only approximately correct. For Higgs masses between 200 and 600
GeV, however, the vector-boson fusion cross section accounts for only O(10%) of the standard model Higgs production
cross-section, and we therefore expect the scaling relation will hold to better than this level of accuracy. We compute
BR(Ht → WW/ZZ) using eqs. (9) - (14), and BR(HSM → WW/ZZ) using eqs. (13) - (14) with sinω → 1, and
we obtain the 7 TeV LHC standard model production cross sections σgg,V BF (pp → HSM ) from [33]. Putting this all
together, we use eq. (16) to convert the limits on the standard model Higgs in [3, 4] into limits on the top-Higgs in
TC2 models.

In Fig. 1 we show the ratio of σ(pp → Ht → WW/ZZ) divided by the corresponding quantity for the standard
model Higgs, as a function of MHt

for various values of sinω, and for MΠt
= 150 GeV (upper left), 172 GeV (upper

right) and 400 GeV (lower left). Also plotted on these graphs are the recent 95% CL LHC upper bounds [3, 4] on
these quantities. For MΠt = 150 GeV, note the sharp drop in the branching ratio when the ΠtW/Z mode opens, at
approximately MHt = 230 GeV, and the further drop when the 2Πt mode opens, at approximately 300 GeV. Because
of these drops in the branching ratios for vector boson pairs, the LHC limits on the top-Higgs are weaker when the
top-pions are lighter. For MΠt

� mt = 172 GeV, the sharp drop in the branching ratio occurs when tt̄ and 2Πt open
near 350 GeV. Finally, for MΠt

= 400 GeV, again the branching ratio falls sharply above 350 GeV as the tt̄ decay
mode opens. Since BR(Ht → WW/ZZ) is larger in the regions where MHt < MΠt + MW,Z , the LHC limits on the
top-Higgs are substantially stronger for heavier MΠt . The regions excluded by these plots in the (MHt , sinω) plane
are shaded in hues of red, orange, and gold in the right panel of Fig. 2.

From the left panel of Fig. 2, we see that the minimum MΠt
that satisfies the Tevatron upper bound on BR(t →

Π+b) [31, 32] depends on sinω. In the lower-right panel of Fig. 1 we plot the LHC top-Higgs production cross section
times WW branching ratio, σ(pp → Ht → WW ), relative to that of the standard model as a function of top-Higgs

Chivukula, Simmons, Coleppa, HEL, & Martin, arXiv:1108.4000 (updated with LP11 limits)
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Most of the interesting TC2 top-Higgs parameter space has been
excluded this summer!
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FIG. 2. Left: Contours of constant branching ratio BR(t → Πtb), as calculated from eq. (8) in the (sinω, MΠt) plane, taking
mt = 172 GeV and neglecting the bottom-quark mass. The dark blue region is excluded by Tevatron bound [31, 32], and
MΠt must lie above the BR = 0.2 line for the corresponding value of sinω. The contours for BR = 0.1 and 0.05 (dashed
lines) are shown to indicate how this bound may evolve in the future if the bound continues to improve. Right: Regions in the
(MHt , sinω) plane excluded by the ATLAS [3] and CMS [4] upper bounds on σ(pp → Ht → WW ) for MΠt = 130 GeV (dark
wine regions outside long-dashed lines), 150 GeV (medium red regions above short-dashed line), 172 GeV (moderate orange
region to left of dotted line) and 400 GeV (light gold region to left of dot-dashed line). Very dark blue regions are excluded for
top-pion masses that saturate the Tevatron bound for a given value of sinω.

σ(pp → Ht → WW/ZZ)

σ(pp → HSM → WW/ZZ)
=

[σgg(pp → Ht) + σV BF (pp → Ht)] BR(Ht → WW/ZZ)

[σgg(pp → HSM ) + σV BF (pp → HSM )] BR(HSM → WW/ZZ)
(16)

≈
�

1
sin2 ω

σgg(pp → HSM ) + sin2 ω · σV BF (pp → HSM )
�

σgg(pp → HSM ) + σV BF (pp → HSM )
· BR(Ht → WW/ZZ)

BR(HSM → WW/ZZ)
.

While this relationship is appropriate for the ratio of inclusive cross sections, the experimental limits include detector-
dependent effects such as acceptances and efficiencies. To the extent that gluon-fusion and vector-boson fusion Higgs
(or top-Higgs) events differ, then this equation is only approximately correct. For Higgs masses between 200 and 600
GeV, however, the vector-boson fusion cross section accounts for only O(10%) of the standard model Higgs production
cross-section, and we therefore expect the scaling relation will hold to better than this level of accuracy. We compute
BR(Ht → WW/ZZ) using eqs. (9) - (14), and BR(HSM → WW/ZZ) using eqs. (13) - (14) with sinω → 1, and
we obtain the 7 TeV LHC standard model production cross sections σgg,V BF (pp → HSM ) from [33]. Putting this all
together, we use eq. (16) to convert the limits on the standard model Higgs in [3, 4] into limits on the top-Higgs in
TC2 models.

In Fig. 1 we show the ratio of σ(pp → Ht → WW/ZZ) divided by the corresponding quantity for the standard
model Higgs, as a function of MHt

for various values of sinω, and for MΠt
= 150 GeV (upper left), 172 GeV (upper

right) and 400 GeV (lower left). Also plotted on these graphs are the recent 95% CL LHC upper bounds [3, 4] on
these quantities. For MΠt = 150 GeV, note the sharp drop in the branching ratio when the ΠtW/Z mode opens, at
approximately MHt = 230 GeV, and the further drop when the 2Πt mode opens, at approximately 300 GeV. Because
of these drops in the branching ratios for vector boson pairs, the LHC limits on the top-Higgs are weaker when the
top-pions are lighter. For MΠt

� mt = 172 GeV, the sharp drop in the branching ratio occurs when tt̄ and 2Πt open
near 350 GeV. Finally, for MΠt

= 400 GeV, again the branching ratio falls sharply above 350 GeV as the tt̄ decay
mode opens. Since BR(Ht → WW/ZZ) is larger in the regions where MHt < MΠt + MW,Z , the LHC limits on the
top-Higgs are substantially stronger for heavier MΠt . The regions excluded by these plots in the (MHt , sinω) plane
are shaded in hues of red, orange, and gold in the right panel of Fig. 2.

From the left panel of Fig. 2, we see that the minimum MΠt
that satisfies the Tevatron upper bound on BR(t →

Π+b) [31, 32] depends on sinω. In the lower-right panel of Fig. 1 we plot the LHC top-Higgs production cross section
times WW branching ratio, σ(pp → Ht → WW ), relative to that of the standard model as a function of top-Higgs

Chivukula, Simmons, Coleppa, HEL, & Martin, arXiv:1108.4000 (updated with LP11 limits)

Other options:
Top seesaw ⇒ much heavier top-Higgs: still viable
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Composite Higgs: model based on Randall-Sundrum

Has a physical Higgs state

Higgs lives on or near IR brane:

interpreted as composite

Top quark near IR brane: need over-

lap with Higgs to pick up large enough

mass

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:

KK excitations of Z, W , gluon

- Enhanced coupling to right-handed top

- Z′, G′ decay preferentially to tt̄: TeV resonances in top pairs

KK excitations of quarks

- Single production via qW , qZ fusion

- Cross section is larger than for pair production for heavy masses

- Decays back to qW , qZ
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Electroweak constraints

Generic models of New Physics tend to be tightly constrained by
electroweak precision data.
- New particles contribute to measured SM processes, e.g., ff̄ → ff̄ .

- New features in SU(2) and top sectors constrained by S, T and Rb.

EW precision constraints generically push ΛNP
eff well above “nat-

ural” TeV scale, especially for strongly coupled new physics:
called the “little hierarchy” problem.

Tricks:

- Little Higgs models: Use global symmetries to kill off 1-loop
correction to Higgs mass: push strong dynamics up to ∼10 TeV.
- ∆µ2 ∼ (g2/16π2)2Λ2 instead of (g2/16π2)Λ2

- Little Higgs with T-parity: make extra TeV-scale states T-
parity odd: produced only in pairs, exchanged only in loops.
Escape EW precision constraints; get dark matter candidate.
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Little Higgs models

Need “partners” at TeV scale for top, W , Z, Higgs to cancel

one-loop µ2 corrections.

T → tZ → b`ν``

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

×

SU(2)-singlet “vectorlike” quark.

Production: T̄ T via QCD, Tj via t-channel W .

Decays: T → bW, tZ, tH. 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

Azuelos et al, hep-ph/0402037
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Gauge partners WH, ZH (and sometimes BH):
- Come from SU(2) × SU(2) → SU(2)L breaking

- Couplings to left-handed fermions like SM W±,3
µ , with strength g cot θ

- Extra decays ZH → HZ,WW ; WH → HW,ZW

WH →WH → `νbb 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.
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Azuelos et al, hep-ph/0402037
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W ′ → `ν search:
Probe production coupling strength, decay BRs.

ATLAS, arXiv:1108.1316 [hep-ex]
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Little Higgs with T-parity

Looser electroweak constraints ⇒ new particles can be lighter
- less fine-tuned

T-parity ⇒ T-odd particles pair-produced, stable “LTP”
- T → t + invisible

- gauge partner pair signals reminiscent of SUSY

Higgs mass range preferred by

precision EW + fine-tuning can

be rather heavy.

- very model-dependent statement

- major implications from Higgs search

- needs to be systematically explored
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Littlest Higgs with T-parity, Hubisz, Meade, Noble, Perelstein, hep-ph/0506042
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Summary and outlook

Early LHC data already having impacts on huge range of models.

- Major task for phenomenologists to incorporate the new LHC exclusions into

model “landscape” (fine-tuning, etc.)

None of the major classes of new-physics models is “dead yet”

- but some are starting to be tightly constrained (e.g., TC2).

Outcome of Higgs search in 5–10 fb−1 will be very important.

We eagerly await experimental input on the dynamics of elec-

troweak symmetry breaking!
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MSSM Higgs search:

Low-mass Tevatron and LHC channels are complementary.

7M. Casarsa Higgs results form the Tevatron – PLHC 2011

SM Higgs Decays

!"#$%&'()#
*+'+

'%'+,

-#!..#!"#"#

.-#!"#//

0-#!##//
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 Expected yields per fb-1:

 channel events @ 115 events @ 165 

 WH$"#bb 28 0.1

 ZH$##bb 16 0.07

 ZH$""bb 5 0.02

 H$WW$"#"# 9 38

 total 58 38

 The Higgs boson dominant decay modes 
are driving the search strategies:

low mass region:  
overwhelming multijet bkg, gg%H not
viable; associated production provides 
cleaner experimental signatures; 

high mass region:
 leptonic W decays provide clean final 

states, can take advantage of the more
abundant direct production.

high masslow mass

4.2 Combination results: search for the SM Higgs boson 35
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Figure 22: The observed 95% C.L. upper limits on the signal strength modifier µ = σ/σSM
as a function of the SM Higgs boson mass in the range 110-600 GeV/c2 for the eight major
analyses and their combination. The limits are obtained with the CLs method. The solid lines
show the observed limits, while the dashed lines indicate the median expected assuming the
background-only hypothesis.

M. Casarsa, talk at PLHC 2011 CMS-PAS-HIG-11-022 (LP2011)
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Supersymmetry: key measurements

1) Mass spectrum

- Use kinematic edges to get mass differences in decay chain
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Figure 5: Reach for observing dilepton endpoints in SUGRA models with 1 fb−1, 10 fb−1

and 100 fb−1. Theory (TH) and experimental constraints are also indicated [4].
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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.

Paige, hep-ph/0211017

- Exact kinematic relations: “solve” individual decay chains

Kawagoe, Nojiri & Polesello, PRD71, 035008 (2005), Cheng et al., PRL 100, 252001 (2008)

- MT2 (“stransverse mass”), kinks, cusps,
√
ŝmin, etc.

Recent review: Barr et al., arXiv:1105.2977
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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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MSSM M. Carena, talk at Pheno 2011

LHC reach for the MSSM SM-like Higgs 

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

Important to improve on early LHC reach in tau tau mode 
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MSSM Higgses: ττ resonance search (from A0/H0/h0)

ATLAS-CONF-2011-132 (Lepton-Photon 2011) CMS-PAS-HIG-11-009 (EPS-HEP 2011)

Most of “difficult” light-A0 region is already excluded.
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MSSM M. Carena, talk at Pheno 2011

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

Tevatron - early LHC combined reach : 
MSSM SM-like Higgs 

3 sigma evidence of the SUSY Higgs responsible for EWSB 
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Z′ → `` search: 5-event discovery reach in dimuons Godfrey & Martin, 2011

χE6
ψE6
ηE6

LRSM
Alt. LRSM
UUM
SSM
TC2
Littlest Higgs
Simplest LH
AFSLH
331 (2U1D)
ETC

RS Graviton
Sneutrino

14 TeV - 1 fb-1

14 TeV - 10 fb-1

14 TeV - 100 fb-1

1.96 TeV - 8.0 fb-1

7 TeV - 10 fb-1

7 TeV - 5 fb-1

7 TeV - 1 fb-1

Discovery Reach (GeV)
310 410
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