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Good times ahead!

✪ What we know:

L = Lf
kinetic + LGB

kinetic + Lffv + Lvvv + Lvvvv + LEWSB

✪ SU(3)c × SU(2)L ×U(1)Y gauge interaction between fermions and gauge
bosons tested at 0.1% level.

✪ Some information on the interactions between the gauge bosons

✪ LEWSB has not been directly tested: origin of masses, flavor physics, . . .
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✪ SU(2)×U(1) symmetry is broken:

.

• Without EWSB =⇒ fermions are massless

• QCD still confines =⇒ p, n, . . . with some changes

• Mp > Mn (QED corrections)

• rapid decay of p into n changing completely the world: no
atoms, etc

✪ The EWSB sector has been elusive, but not for long!
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EWSB ×1 TeV scale (Lee, Quigg, Thacker)

✪ W+
L W−

L → W+
L W−

L violates unitarity without
EWSB

T(s, t) = A
„

p
MW

«4
+ B

„
p

MW

«2
+ C

A = 0 without the Higgs.

✪ Including the Higgs: a0 = −
M2

H
16πv2

"
2 +

M2
H

s−M2
H
−

M2
H
s log

 
1 + s

M2
H

!#

✪ High energy limit: a0
M2

H�s
−→ −

M2
H

8πv2 =⇒ MH < 870 GeV (MH < 710 GeV)

✪ No Higgs limit: a0
M2

H�s
−→ − s

32πv2 =⇒ √
sc < 1.2 TeV
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Limitations of the SM

➲ Even after the Higgs discovery there are unanswered questions:

.

• what is the origin of fermion masses?

• do interactions unify at high energies?

• what is the dark matter?

• why is the cosmological constant so small?

• what is the dark energy?

• what is the origin of baryon asymmetry? . . .

➲ The SM also has some technical problems: (hierarchy problem)
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.

• Quantum corrections drive scalar masses to high scale
∆M2

h ∝ Λ2
UV

• This requires new physics in the TeV scale

• There are many solutions, pointing in different directions

• Supersymmetry
• Higgs is composite
∗ technicolor
∗ H is a Goldstone boson (little Higgs)

• Extra spatial dimensions
∗ Large ED
∗ Warped ED (Randall-Sundrum)
∗ Universal extra dimensions . . .
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I. Electroweak Physics�
�

�
Precison measurements:

❅ The parameters of the SM: {p} ≡ {αem, αS, GF, MZ, mi . . .}

❅ In general observables depend upon many parameters after RC

Otheory
i ({p}) = Otree

i (α,GF,MZ) [1 + ∆i({p})] e.g.

M2
W =

πα√
2GF sin2 θW

1
(1−∆r)

❅ Precision measurements =⇒ non-trivial tests of the SM
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❅ The SM is doing
rather well
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❅ Presently mtop = 172.5± 2.3 GeV
❅ MW = 80.404± 0.030 GeV

❅ How well should we know MW and mtop?

∆theo δ(∆αhad) = 0.00016 ∆mtop = 2 GeV ∆mtop = 1 GeV

∆MW /MeV 6 3.0 12 6.1

∆ sin2 θ
lept
eff

× 105 4 5.6 6.1 3.1

❅ ∆mtop ' 1 GeV is desirable

❅ MW and mtop similar uncertainties to fits =⇒ ∆MW ' 7× 10−3 ∆Mtop

❅ ∆MW ' 10 MeV is desirable
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�
�Main SM processes
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�
�MW at the LHC

❆ One way of measuring it is

meν
T =

√
2Ee

TE/T (1− cos φeν)

sensitive to MW through falling edge
❆ Simple cuts

p`
T > 25 GeV

E/T > 25 GeV
pveto

T = 20 GeV

=⇒ large sample 30M evts/10 fb−1

❆ 10 fb−1 =⇒ ∆MW ' 20 MeV
(stat+syst).

❆ theory is in good shape:
NNLO QCD and O(α)
❆ FSR can shft measured
masses by ' 50 MeV
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�Top quark properties

✾ t is produced by qq̄ → tt̄ (10%) and gg → tt̄ (90%) with σ(tt̄) ' 830 pb

✾ For L= 10 fb−1 =⇒ 107 tt̄ =⇒ LHC is a top factory!

✾ In the SM t → W+b =⇒ t → `νb (32 %) or t → qq′b (68 %) so

• tt̄ → jjb jjb̄ (44%)

• tt̄ → jjb (e/µ)νb (30%)

• tt̄ → (e/µ)νb (e/µ)νb (5%)
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✾ We can study several properties of the top

.

• mtop

• single top production

• W polarization

• Anomalous Wtb couplings

• FCNC

• top quantum numbers
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Top quark mass

❇ Channel tt̄ → jjb (e/µ)νb: 2 b-tags; 2 extra jets; isolated lepton; E/T

❇ After cuts S/B ' 78 and 87k events for 10 fb−1

❇ Reconstruct W → jj and then t → bjj

❇ Possible to measure Mt with a precision ' 1.3 GeV (systematic) for 10 fb−1
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W polarization

❂ Allows to test the V −A couplings of the top:

FSM
L =

m2
top

m2
top + 2M2

W
' 0.703 ; FSM

0 =
2M2

W
m2

top + 2M2
W
' 0.297 ; FSM

R = 0

❂ In the W rest frame

1
N

dN
d cos θ

∝ F0
sin2 θ

2
+ FL

(1− cos θ)2

4
+ FR

(1 + cos θ)2

4

❂ 10fb−1 =⇒ ∆Fi ' 1–2× 10−2 (at the Tevatron 2fb−1 =⇒ ∆Fstat
0(R) ' 0.03 (0.09))
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FCNC in top decays

❃ FCNC couplings Vtc and Vtu are highly suppressed in the SM:

SM two-Higgs SUSY
Br(t → qg) 5× 10−11 ∼ 10−5 ∼ 10−3

Br(t → qγ) 5× 10−13 ∼ 10−7 ∼ 10−5

Br(t → qZ) ∼ 10−13 ∼ 10−6 ∼ 10−4

❃ We can describe these terms by effective lagrangians (κlZ
µt̄γµPLc)

Improvement 102–103
(Pralavorio, EPS05)
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�
�sin2 θlept

eff

❉ sin2 θlept
eff = 1

4(1− g`
V/g`

A) defined at MZ

❉ Define the forward direction by the e+e−

boost direction

❉ can be obtained from AFB = B(A− sin2 θlept
eff )

A and B know in NLO QCD and QED.

❉ 10fb−1 =⇒ 15.× 106 Z → e+e−

❉ Large Z sample but there are NLO and PDF uncertainties

❉ 100 fb−1 =⇒ ∆ sin2 θlept
eff ' 0.00014 (LEP 0.00016)
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�
�Triple gauge-boson vertices (hep-ph/0506074)

✰ SM gauge fixes TGV

✰ We have already observed
W+W−γ and W+W−Z

✰ Hypothesis: C and P
conservation

✰ Deviations from SM in terms of 5 new parameters

LWWV
eff = −igWWV

"
g

V
1 (W

+
µνW

−µ −W
−
µνW

+µ
)V

ν
+ κV W

+
µ W

−
ν V

µν
+

λV

M2
W

W
+ν
µ W

−ρ
ν V

µ
ρ

#
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✰ smoking gun: σ̂ grows with
√

ŝ

✰ We must introduce form factors
(1 + Q2/Λ2)−n

✰ NLO available;
uncertainties PDFs

✰ pp → Wγ (Z): limits fitting pV
T

21
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✰ Attainable 95% CL limits
anomalous coupling direct LEP limits indirect limits pair production limits at the LHC

∆κγ [−0.105 , 0.069] [−0.044 , 0.059] [−0.034 , 0.034]

λγ [−0.059 , 0.026] [−0.061 , 0.10] [−0.0014 , 0.0014]

gZ
1 [−0.051 , 0.034] [−0.051 , 0.0092] [−0.0038 , 0.0038]

∆κZ [−0.040 , 0.046] [−0.050 , 0.0039] [−0.040 , 0.040]

λZ [−0.059 , 0.026] [−0.061 , 0.10] [−0.0028 , 0.0028]

✰ The statistics will be enough to measure the form factors:
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✱ It also possible to use WBF (hep-ph/0405269)

✱ 2 energetic forward jets =⇒ tagging
✱ rapidity gap =⇒ reduces QCD contamination
✱ Signal is enhanced at large pV

T
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✱ Limits for ∆κZ,γ similar to V V
production

−0.066 ≤ ∆κγ ≤ 0.052

−0.038 ≤ λγ ≤ 0.042

−0.086 ≤ ∆gZ
1 ≤ 0.029

−0.083 ≤ ∆κZ ≤ 0.034

−0.024 ≤ λZ ≤ 0.030

−0.13 ≤ gZ
5 ≤ 0.12

✱ Single V WBF can be used to
completement the V V information on
TGV
✱ ∆ϕjj good to separate the anomalous
TGV
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�
�Quartic gauge-boson vertices (hep-ph/0310141)

✷ Anomalous couplings containing photons:

Wγ
0 = −e2g2

2
FµνFµνW+αW−

α , Wγ
c = −e2g2

4
FµνFµα(W+νW−

α + W−νW+
α ) . . .

✷ Best channel is V V production via WBF

p + p → q + q → j + j + γ + γ and j + j + γ + (Z∗orγ∗ →) `+ + `− ,

✱ 2 energetic forward jets with rapidity gap =⇒ tagging

✱ Signal is enhanced at large Mγγ(``γ)

✱ The background has to be estimated from data
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✱ Typical limits: LEP | k
j
i

Λ2| <∼ O(10−2 GeV−2); LHC | k
j
i

Λ2| <∼ 1–6× 10−6 GeV−2
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❁ Quartic couplings without photons (O.E, C Gonzalez-Garcia, J.K. Mizukoshi)

❁ O0 = gαβgγδ
»

1
2

“
W+

αW+
β

W−
γ W−

δ
+ W+

αW+
γ W−

β
W−

δ

”
+ 1

cwW+
αZβW−

γ Zδ + 1
4c2w

ZαZβZγZδ

–

O1 = gαβgγδ
»
W+

αW−
β W+

γ W−
δ +

1
cw

W−
α W+

β ZγZδ +
1

4c2
w

ZαZβZγZδ

–

✷ Best channel is V V production via WBF

p + p → jjW+W− → jje±µ∓νν and jjW±W± → jje±µ±νν

✷ Again: 2 energetic forward jets with rapidity gap, eµ, jet veto, E/T , and large
MT

WW

✷ For e±µ∓ the largest background is ttj

✷ Background extracted from data (counting experiment)
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✷ LHC attainable bounds are stronger than the present indirect limits
(−0.27 < α4 < 0.036 ; −0.68 < α5 < 0.090)
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Constraining PDF (Pralavorio, EPS05)

✺ Use the W → eν rapidity spectrum
to constrain xg(x) = x−λ
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II. Electroweak symmetry breaking�
�

�
�SM Higgs: (minimal scenario)

✽ In the SM there is just one Higgs doublet =⇒ just 1 Higgs boson after
EWSB

✽ Direct searches at LEP =⇒ MH > 114.4 GeV at 95% CL

✽ Precision measurements lead to
MH < 186–219 GeV

✽ is it around the corner?
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�
�

�
Production Mechanisms:

❉ Processes known at least at NLO
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❉ The possible decay channels are
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❉ What happens when we add all the channels for the SM Higgs?
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�
�Light Higgs production via WBF

❉ We can tag the final state jets in qq → Hqq → Hjj

❉ Let’s focus on H → τ+τ− → e∓µ±p/T

❉ The main backgrounds are EW and QCD production of ττ jj. tt̄ + n jets can
be efficiently eliminated.

❉ acceptance pT and η; rapidity gap; ττ reconstruction and jet veto.
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❉ Even after full simulation the Higgs signal is nice

❉ ττ channel
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❉ Even after full simulation the Higgs signal is nice

❉ ττ channel ❉ WW channel
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✪ How well can we measure the Higgs properties?

✪ For MH <∼ 200 GeV =⇒ Higgs is rather narrow
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✪ MH <∼ 200 GeV =⇒ combine different channels (hep-ph/0406323)
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SUSY Higgses at the LHC

✪ SUSY requires more than one Higgs doublet

✪ Physical spectrum: 2 neutral CP-even states (h, H), 1 neutral CP-odd (A)
and the charged H±

✪ The physical Higgs are mixtures of the initial doublets =⇒ couplings to
other particles depend on mixing angles, e.g. Ghdd = −imd

v
sin α
cos β

✪ At tree level there are only two independent parameters MA and tan β

M2
H± = M2

A + M2
W ; M2

H,h =
1
2

“
M2

A + M2
Z ± ((M2

A + M2
Z)

2 − 4M2
ZM2

A cos
2 2β)

1/2
”

Note that Mh < MZ. Radiative correction help to evade this limit
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✪ One state similar to a light SM Higgs
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�
No-lose theorem

✪ for a neutral CP–even higgs at the LHC in WBF and H/h → ττ
(maximum/no mixing)
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✪ Branching ratios for heavy SUSY spectrum (tanβ = 3) and 30

✪ Signals and cross section vary a lot
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✪ Like the branching ratios the importance of the different channels gets
modified =⇒ the analysis has to be redone
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�
�Higgs is decay chain

❇ Depending on the SUSY point, Higgs might be produced copiously in decay
chains.

❇ For instance, χ̃2
0 → hχ̃1

0 versus χ̃2
0 → `±˜̀∓χ̃1

0
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Invisible Higgs

✻ Many models exhibit Higgs bosons that decay into invisible final states:

• SUSY: h → χ̃0
1χ̃

0
1

• Majoron models: h → JJ

• Extra dimensions: Rh2 =⇒ h → Gn
0Gn

0

✻ For an intermediate mass Higgs couplings to SM particles are small
(m2

b/v2 <∼ 10−3) =⇒ invisible modes can be ' 100%

✻ WBF is a robust way to look for Higgs bosons, even invisible! (hep-ph/0009158)

qq → qqV V → qqH (V = W or Z)
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✻ Signal: two jets at large rapidities and large p/T

✻ Significant backgrounds: EW and QCD jjZ(→ νν̄); EW and QCD jjW(→ ν[`]); QCD jj; QCD jjj

✻ Require a rapidity gap; large Mjj and lots of p/T

✻ This a counting experiment!

✻ Variable used to estimate backgrounds: ∆φjj
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✻ LHC reach in the invisible Br ×σ/σSM

MH (GeV) 110 120 130 150 200 300 400
10 fb−1 12.6% 13.0% 13.3% 14.1% 16.3% 22.3% 30.8%

100 fb−1 4.8% 4.9% 5.1% 5.3% 6.2% 8.5% 11.7%

✻ φjj carries information on the CP properties of the Higgs

✻ WBF can also reveal the CP nature of the Higgs (hep-ph/0105325)
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Higgs quantum numbers

❆ H → ZZ→ ````: distributions to determine spin and CP (hep-ph/02100077)

❆ For light Higgs boson =⇒ m`` is
a good discriminator
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III. Supersymmetric models
➫ SUSY has been extensively studied as a candidate for physics BSM:

• the most general extension of the
Poincaré group;

• SUSY can lead to coupling unification;

• Weak scale SUSY can solve the hierarchy
problem;

• it is perturbative;

• dynamical EWSB

• Many free parameters!

• SUSY has many signals =⇒ good work
out

➫ Goal: gather as much information as possible (masses, spin, etc) to
reconstruct the low energy SUSY breaking parameters

➫ General features: complicated cascade decays with many intermediate
states; E/T if R = (−1)3B+L+2s is conserved

➫ If R-parity is not conserved the signals depend on the LSP decays
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Inclusive SUSY search

❅ LHC =⇒ jets and missing E/T
❅ σ(1 TeV) ' O(10 pb)
❅ define MSUSY = min(mg̃,mq̃)

Meff ≡
4∑

j=1

pj
T + E/T ∝ MSUSY

❅ Rather simple to rule out/discover gluinos and squarks up to ' 2.5 TeV
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�
Exclusive SUSY search

❆ Reconstruction is quite involved due to:

• long decay chains =⇒ huge combinatorics

• unknown boost of the subprocess CMS

• Undetectable LSP =⇒ not possible to reconstruct invariant masses event
by event =⇒ study distributions
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❅ q̃L → qχ̃0
2 → ql±2 l̃∓R → ql±2 l∓1 χ̃0

1
❅ mll has an edge

(m2
ll)

edge =
(m2

χ̃0
2
−m2

l̃R
)(m2

l̃R
−m2

χ̃0
1
)

m2
l̃R

❅ The edge is quite sharp
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❅ Long decay chain =⇒ more edges (constraints) available (m2
qll)

edge,

(m2
ql)

edge
min , (m2

ql)
edge
max , (m2

qll)
thres

❅ The masses can be obtained with a
precision

LHC
∆mχ̃0

1
4.8

∆ml̃R
4.8

∆mχ̃0
2

4.7
∆mq̃L

8.7
∆mb̃1

13.2
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Unravelling the spin

✪ UED: KK tower with same spin as in the SM

✪ UED lead to similar signals =⇒ we must probe the spin!
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✪ Basic idea: for a decay chain, the structure of interactions and spins lead to
correlations between particles =⇒ this can be seen in invariant masses!

✪ q̃L → qχ̃0
2 → ql±2 l̃∓R → ql±2 l∓1 χ̃0

1 (ph/0507170;ph/0405052)

✪ m̂ ≡ m`q/mmax
`q ; A =

dσ/dmjl+−dσ/dmjl−
dσ/dmjl++dσ/dmjl−
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✪ We can apply the same technique for the gluino (A.Alves, O.E., T.Plehn)

✪ g̃ → b̄b̃L → b̄bχ̃0
2 → ql±2 l̃∓R → b̄bl±2 l∓1 χ̃0

1
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IV. Extra dimensions

❃ Assume that the space has 3 + n dimensions

❃ The signal is model dependent: .
• one has to define the particles that propagate in ED;

• geometry of the ED: warped or flat (LED)

❃ Particles that propagate in the bulk have a Kaluza-Klein (KK) tower in four
dimensions: just their “Fourier” modes.

❃ In LED just gravity in the bulk =⇒ there is a KK tower of gravitons with a
small gap =⇒ leads to processes with E/T

❃ In UED all particle propagate in the bulk =⇒ KK number is conserved
=⇒ KK states must be produced in pairs

❃ orbifolding breas KK number conservation, leaving just KK parity
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❃ Let’s consider Randall-Sundrum model (warped with only gravity on the
bulk) =⇒ new massive spin–2 particles

❃ There should be a series of resonances in pp → Gn → `+`−
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❃ With mild cuts it is easy to extract the signal
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❃ Can we probe the graviton spin?

❃ Just use the angular distribution: 1 + cos2 θ∗ for spin1, 1− cos4 θ∗ (gg → G)
and 1− 3 cos2 θ∗ + 4 cos4 θ∗ (qq̄ → G)



LISHEP-2006 Oscar Éboli

❃ Can we probe the graviton spin?

❃ Just use the angular distribution: 1 + cos2 θ∗ for spin1, 1− cos4 θ∗ (gg → G)
and 1− 3 cos2 θ∗ + 4 cos4 θ∗ (qq̄ → G)

61



LISHEP-2006 Oscar Éboli

V. Final remarks

✪ LHC can probe a large number of BSM scenarios

✪ We don’t know what is out there, but certainly is going to be exciting

✪ At least, we will discover a new force, the one responsible for EWSB
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