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Why high luminosity?

better precision?

All that remains to do in physics is to fill in the sixth decimal place.
(Albert Michelson, 1894)

There is nothing new to be discovered in physics now.  All that 
remains is more and more precise measurement.

(W. Thomson, Lord Kelvin, 1900)
Update of the UTA Cecilia Tarantino
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Figure 1: Results of the UTA within the SM. The contours display the selected 68% and 95% probability

regions in the (!̄ , "̄)-plane. The 95% probability regions selected by the single constraints are also shown.

We present an update of the Unitarity Triangle Analysis (UTA) performed by the UTfit col-

laboration following the method described in refs. [1, 2]. Within the Standard Model (SM), we

have included in 'K the contributions of ( and )' != */4 which, as pointed out in [3], decrease the

SM prediction for 'K by ∼ 8%. We have also included the long-distance contribution calculated

more recently in [4], which softens the 8% reduction to 6%. In a new paper [5] the perturbative

calculation of the NNLO QCD corrections to the box diagram involving a top and a charm quark

has been computed. This contribution, which is found to increase the theoretical prediction of 'K

by 3%, is not yet included in the UTA.

We observe, as main result of the UTA, that the CKM matrix turns out to be consistently

overconstraint and the CKM parameters !̄ and "̄ are accurately determined: !̄ = 0.132± 0.020,

"̄ = 0.358±0.012 [6]. The UTA has thus established that the CKM matrix is the dominant source

of flavour mixing and CP-violation and that New Physics (NP) effects can at most represent a small

correction to this picture. We note, however, that the new contributions in 'K generate some tension

in particular between the constraints provided by the experimental measurements of 'K and sin2$

(see fig. 1). As a consequence, the indirect determination of sin2$ turns out to be larger than the

experimental value by ∼ 2.6+ . We observe that the updated lattice average of the bag-parameter

BK [7] further enhances this 'K-sin2$ tension. This is due to the fact that new unquenched results,

though compatible with older quenched results, tend to lie below them.

Recently, we have shown [8] how to use the UTA to improve the prediction of BR(B→ ,-)

in the SM, thanks to a better determination of |Vub| and fB. Within the SM the UTA prediction for

BR(B→ ,-) is found to deviate from the experimental measurement [9] by∼ 3.2+ . Even allowing

for minimal flavour violating NP effects, a∼ 3.0+ deviation from the experimental value is found.

Moreover, it is interesting to note that a large value of |Vub| (which is closer to some inclusive

determinations) would reduce this deviation but it would enhance the tension in sin2$ .

We now present the update of the NP UTA, that is the UTA generalized to include possible NP

effects. This analysis consists first in generalizing the relations among the experimental observ-

∗Speaker.

2

UTfit, ICHEP’10

establish CKM as the source 

of flavour violation & CP! No new physics?!

http://arXiv.org/pdf/1010.5089
http://en.wikipedia.org/wiki/Albert_Abraham_Michelson
http://en.wikipedia.org/wiki/Albert_Abraham_Michelson
http://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
http://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
http://arXiv.org/pdf/1010.5089
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Why high luminosity?

access to rare events?

4. SM Higgs production at the LHC
Physics at the LHC: some generalities

LHC: pp collider

√
s=7+7=14 TeV⇒

√
seff∼

√
s/3 ∼ 5 TeV

L∼10 fb−1 first years and 100 fb−1 later

• Huge cross sections for QCD processes.
• Small cross sections for EW Higgs signal.

S/B >∼ 1010 ⇒ a needle in a haystack!

• Need some strong selection criteria:
Trigger: get rid of uninteresting events...

Select clean channels: H → γγ,VV → "

Use different kinematic features for Higgs

Combine different decay/production channels

Have a precise knowledge of S and B rates.

• Gigantic experimental (+theoretical) efforts!
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SLHC Physics Potential

 anomalous gauge boson self-couplings 

 top quark rare/flavour violating decays

Electroweak physics

 Higgs anomalous couplings to SM fermions and bosons

 Higgs self-couplings

 rare Higgs decays; multi-Higgs (MSSM or not)

 Dynamics of EW symmetry breaking

Higgs physics

 measurement mass spectrum

 extend the mass gluino/squarks reach to 3 TeV.

Supersymmetry

 KK production

 Black hole production

Extra dimensions

 W’, Z’ etc

 technicolour 

New forces

A. De Roeck ’09

The LHC key topic!
}} I won’t have time to cover these topics.See refs next page

http://www-conf.slac.stanford.edu/ssi/2009/images/deRoeck080309.pdf
http://www-conf.slac.stanford.edu/ssi/2009/images/deRoeck080309.pdf
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To learn more...

Reports

 “Physics potential and experimental challenges of the LHC luminosity 

upgrade”, F. Gianotti et al, EPJC39(2005)293, hep-ph/0204087

 “From the LHC to a Future Collider”, A. De Roeck et al., EPJC66(2010)525, 

arXiv:0909.3240 

Talks

 D. Denegri, Care-HHH workshop, November ’04

 M. Mangano, SLHC kickoff meeting, April ’08

 G. Giudice, PLHC conference, October ’08

 A. De Roeck, XXXVii SLAC Summer Institute, August ’09

http://indico.cern.ch/getFile.py/access?contribId=95&sessionId=24&resId=0&materialId=slides&confId=17686
http://www.springerlink.com/content/h46d6m14agedxx15/
http://www.springerlink.com/content/h46d6m14agedxx15/
http://arXiv.org/abs/hep-ph/0204087
http://arXiv.org/abs/hep-ph/0204087
http://www.springerlink.com/content/f0121r86wll82n42/
http://www.springerlink.com/content/f0121r86wll82n42/
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Fig. 7. Expected uncertainties on the measured ratios of the Higgs widths to final states involving bosons only (left) and bosons
and fermions (right), as a function of the Higgs mass. Closed symbols: two experiments and 300 fb−1 per experiment (standard
LHC); open symbols: two experiments and 3000 fb−1 per experiment (SLHC). Direct and indirect measurements have been
included (see text)

provided that the Higgs production cross-section and the
total Higgs width are known from theory.

Model-independent measurements are only possible if
one considers ratios of couplings, which are experimentally
accessible through the measurements of ratios of rates for
two different final states, because in the ratio the total Higgs
cross-section, width and luminosity cancel. Examples are
shown in Fig. 7. The left plot gives the expected precision
on the ratio of the Higgs widths for the decays into WW
and ZZ. For masses larger than approximately 150 GeV a
comparison of the H → ZZ → 4! and H → WW → !ν!ν
rates provides a direct measurement of ΓW /ΓZ . At smaller
masses the process H → WW → !ν!ν has too low a rate
but one can use the measured rate of H → γγ to extract
ΓW , at the prize of introducing some theoretical assump-
tions (indirect measurement). The coupling H → γγ is
dominated by a loop graph with an intermediate W and
hence the rate of H → γγ can be related to the HWW
coupling. Similarly, the right plot in Fig. 7 shows the ex-
pected precisions on the measurements of ratios of Higgs
couplings to fermions and bosons. The coupling Htt̄ can
be probed in the mass region below 150 GeV by comparing
the WH → !νγγ rate and the H → γγ rate. The latter
production rate is determined by the coupling of the Higgs
to gluon pairs (since gg → H is the production mecha-
nism) and the dominant contribution to this coupling is
from a top quark loop. An indirect measurement of the
ratio of couplings HWW and Htt can therefore be per-
formed. In the mass region above 150 GeV, ΓW /Γt can be
obtained in a similar way by using the WH → WWW
and the H → WW channels 2. Since in this mass range

2 Recently, the possibility of measuring the ttH coupling in
the ttH → ttWW channel has been studied [25].

the dominant systematics is the theoretical uncertainty on
the absolute cross-sections for the two independent pro-
duction channels, the higher luminosity leads to a minor
improvement. Progress in the understanding of the theo-
retical systematics will however allow to take full benefit
of the higher statistics. The processes ttH (→ γγ) and
ttH (→ bb) can be combined to give the ratio of widths to
WW and to bb in an indirect way. Finally, measurements
of the H → ττ and H → WW → !ν!ν rates in events with
tagged forward jets, which arise from the fusion process
qq → qqH, can be combined to directly obtain ΓW /Γτ . At
this time, the impact of the 1035 cm−2s−1 environment on
the combined request of tau identification, missing ET and
forward jets has not been evaluated, and we do not have
an estimate of the improvement possible at the SLHC for
this channel.

It can be seen that at the SLHC ratios of Higgs cou-
plings to fermions and bosons should be measured with
precisions of 10% or better in most cases. In some cases,
this represents an improvement by up to a factor of two
on the ultimate precision expected at the standard LHC.
Progress for other channels can be anticipated as a result of
improved theoretical understanding of the Higgs produc-
tion mechanisms, and of the impact of the experimental
environment on the detector performance.

4.2.3 Higgs self-couplings

A complete determination of the parameters of the Stan-
dard Model requires the measurements of the Higgs selfcou-
plings. These include a trilinear and a quartic interaction.
In the SM, the corresponding couplings are fixed at LO in
terms of the Higgs mass and vacuum expectation value v:

Anomalous Higgs couplings

ratio Γi/Γj because total Higgs production cross-section, width and luminosity cancel

open symbol=SLHC3/abclosed symbol=LHC300/fb

ΓW/ΓZ ΓW/Γt & ΓW/Γb & ΓW/Γτ

F. Gianotti et al. ’02

h → ZZ → 4l

h → WW → 2l2ν

h → ZZ → 4l

h → γγ

SLHC can reach a sensitivity of O(10%)

http://arXiv.org/abs/hep-ph/0204087
http://arXiv.org/abs/hep-ph/0204087
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Higgs rare decays

Higgs couplings  ! mass

light particle !"small coupling
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Higgs agenda

Higgs discovery

measure its mass

measure its width

measure cross sections x BR

ratios of couplings to particle

measure CP and spin

measure Higgs self-couplings

measure Higgs dynamics ~ dynamics of EWSB

LHC

SLHC
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EW #ase transition in % early Universe
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Higgs self-coupling sensitivity

Baur, Plehn, Rainwater ’02

∆
λ
h
3
=

(λ
h
3
−
λ
S
M

h
3
)/
λ
S
M

h
3

LHC: λh3=0 can be excluded at 95% CL

SLHC: λh3 can be determined to 20÷30% 

g

t

g
t

H

t

H
t

g

t

g t

t

H

H

H

FIG. 1. Representative Feynman diagrams for the process gg → HH.

factor 10 and 30 smaller than that for gg → HH [25,20]. Since Higgs pair production at the
LHC is rate limited, we concentrate on the gluon fusion process in the following.

For mH < 140 GeV, the dominant decay mode of the SM Higgs boson is H → bb̄, and
the QCD bb̄bb̄ background overwhelms the gg → HH signal [28]. For mH > 140 GeV,
H → W+W− dominates, and the W+W−W+W− final state has the largest individual
branching ratio. If all W bosons decay hadronically, QCD multi-jet production dwarfs
the signal. A similar result is obtained for the !±ν + 6 jet (only one W boson decays
leptonically), and !±ν!′∓ν + 4 jet (one W+W− pair decays leptonically) final states, where
W+ multi-jet and W+W−+ multi-jet production provide very large backgrounds. This
leaves the same-sign dilepton final states, (jj!±ν)(jj!′±ν), modes where three W bosons
decay leptonically and one decays hadronically, and the all-leptonic decay modes. The
latter suffer from a large suppression due to the small WWWW → 4! + 4ν branching ratio
of (0.216)4 = 0.0022 (BR(W → !ν) = 0.216, ! = e, µ). In the following we therefore only
consider the (jj!±ν)(jj!′±ν) and (jj!±ν)(!′±ν!′′∓ν) final states.

In this section we discuss in detail the calculation of signal and background cross sections
for the (jj!±ν)(jj!′±ν) final state. The three lepton final state will be considered in Sec. III.

A. Calculation of the signal cross section

The Feynman diagrams contributing to gg → HH in the SM consist of fermion triangle
and box diagrams (see Fig. 1) [16]. Non-standard Higgs boson self-couplings only affect
the triangle diagrams with a Higgs boson exchanged in the s-channel. We calculate the
gg → HH → (W+W−)(W+W−) → (jj!±ν)(jj!′±ν) cross section using exact loop matrix
elements [16]. As demonstrated in Ref. [21], the infinite top quark mass limit, which is
commonly used in place of exact matrix elements to speed up the calculation, reproduces
the correct total cross section for HH production to within 10% to 30% for Higgs masses
between 140 GeV and 200 GeV, but produces completely incorrect kinematic distributions.
The intermediate Higgs and W bosons are treated off-shell using finite widths in the double
pole approximation in our calculation. Decay correlations for the H → W+W− → 4 fermion
decays are fully taken into account [29].

Signal results are computed consistently to leading order QCD with the top quark mass
set to mt = 175 GeV and SM HWW and top quark Yukawa couplings, and the renormaliza-
tion and factorization scales are taken to be the Higgs boson mass [16]. The contributions

4

gg " hh " WW " lν l’ν’ 4j

VSM =
1

2
m2

hh
2 +

1

6

(
3m2

h

v0

)
h3 +

1

24

(
3m2

h

v20

)
h4

http://arXiv.org/abs/hep-ph/0211224
http://arXiv.org/abs/hep-ph/0211224
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EW phase transition

In the SM, a 1st order phase transition could occur due 

to thermally generated cubic Higgs interactions: 

In the SM: not enough 

2nd order 1st orderV(ϕ) V(ϕ)

ϕ
ϕ

V (φ, T ) ≈ 1

2
(−µ2

h + c T 2)φ2 +
λ

4
φ4 − E Tφ3 − T

12π

∑

bosons

m3(φ)

∑

bosons

≈
∑

W,Z
E =

4m3
W + 2m3

Z

12πv30
∼ 6 · 10−3

〈φ(Tc)〉
Tc

=
2E v20
λv20

=
4E v20
m2

h

〈φ(Tc)〉
Tc

≥ 1 mh ≤ 47 GeV
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 Can induce a strong 1st order phase transition if Λ ~ 1 TeV  

does not rely on a thermally generated negative Higgs 
cubic interaction

instead, we add a non-renormalizable !6 interaction in 
the Higgs potential 

Grojean, Servant, Wells ’04

Higgs self-coupling and EW phase transition

V (Φ) = µ2
h|Φ|2 − λ|Φ|4 + |Φ|6

Λ2

no EWSB

2nd order PT

1st order PT

http://arXiv.org/abs/hep-ph/0407019
http://arXiv.org/abs/hep-ph/0407019
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Testing the H6 interaction @ SLHC

The H6 interaction generates large deviations of the Higgs self-couplings

SLHC can teach us something about 

the cosmological EW phase transition in the (very) early Universe

LHC: λh3=0 can be excluded at 95% CL

SLHC: λh3 can be determined to 20÷30% 

Grojean, Servant, Wells ’04

See also Noble, Perelstein ’07

contours of ∆λh3 ∆λh3 = (λh3 − λSM
h3 )/λSM

h3

VSM =
1

2
m2

hh
2 +

1

6

(
3m2

h

v0
+

6v30
Λ2

)
h3 +

1

24

(
3m2

h

v20
+

36v20
Λ2

)
h4

1.0

http://arXiv.org/abs/0711.3018
http://arXiv.org/abs/hep-ph/0407019
http://arXiv.org/abs/hep-ph/0407019
http://arXiv.org/abs/0711.3018
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Dynamics of EW symmetry breaking
!
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A Higgs-like

SM ‘a=1’, ‘b=1’ & ‘c=1’
Current EW data constrain only ‘a’ (and marginally ‘c’)

Espinosa, Grojean, Muehlleitner  ’10

1-
a2

1-
a2

fermiophobic Higgs

SM limit

MCHM4 MCHM5 c=(2a2-1)/ac=a
gaugephobic Higgs

Goldstone of SU(2)LxSU(2)R/SU(2)V

LEWSB =
v2

4
Tr

(
DµΣ

†DµΣ
)(

1 + 2a
h

v
+ b

h2

v2

)
− λψ̄LΣψR

(
1 + c

h

v

)

DµΣ ≈ WµΣ = eiσ
aπa/v

http://arXiv.org/abs/1003.3251
http://arXiv.org/abs/1003.3251
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Strong EWSB: Composite Higgs

Higgs=Pseudo-Goldstone boson (PGB) 

Continuous interpolation between SM and TC 

SO(4)
SO(3)

W±
L & ZL

SM G
H

W±
L & ZL & h

BSM

SM limit Technicolor limit
all resonances of strong sector,

except the Higgs, decouple
Higgs decouple from SM;

vector resonances like in TC

ξ =
v2

f2
=

(weak scale)2

(strong coupling scale)2

ξ = 0 ξ = 1
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Figure 1: The deviations from the SM predictions of Higgs production cross sections (σ) and
decay branching ratios (BR) defined as ∆(σ BR)/(σ BR) = (σ BR)SILH/(σ BR)SM − 1.
The predictions are shown for some of the main Higgs discovery channels at the LHC with
production via vector-boson fusion (VBF), gluon fusion (h), and topstrahlung (tth). The
SILH Lagrangian parameters are set by cHξ = 1/4, cy/cH = 1 and we have included also the
terms quadratic in ξ, not explicitly shown in eqs. (78)–(83).

a pseudo-Goldstone boson, and therefore relatively light. However, for a light Higgs, LHC

experiments can measure the product σh × BRh in many different channels: production

through gluon, gauge-boson fusion, and top-strahlung; decay into b, τ , γ and (virtual) weak

gauge bosons. At the LHC with about 300 fb−1, it is possible to measure Higgs production

rate times branching ratio in the various channels with 20–40 % precision [27], although a

determination of the b coupling is quite challenging [28]. This will translate into a sensitivity

on |cHξ| and |cyξ| up to 0.2–0.4.

In fig. 1, we show our prediction for the relative deviation from the SM expectation in

the main channels for Higgs discovery at the LHC, in the case cHξ = 1/4 and cy/cH = 1

(as in the Holographic Higgs). For cy/cH = 0, the deviation is universal in every production

channel and is given by ∆(σ BR)/(σ BR) = −cHξ.

Cleaner experimental information can be extracted from ratios between the rates of

processes with the same Higgs production mechanism, but different decay modes. In mea-

surements of these ratios of decay rates, many systematic uncertainties drop out. Our

27

Composite Higgs couplings

a=7/8

c=5/8

SLHC can probe

∆a & ∆c

up to ~ 0.1÷0.2

i.e. 4πf ~ 5÷7 TeV

compositeness scale of the Higgs

Minimal composite Higgs model (MCHM): SO(5)/SO(4)

Γ(h → ff̄) = (2c− 1)Γ(h → ff̄)SM Γ(h → ZZ) = (2a− 1)Γ(h → ZZ)SM

a =
√

1− ξ b = 1− 2ξ b3 = −4

3
ξ
√
1− ξ c =

(√
1− ξ,

1− 2ξ√
1− ξ

)
c2 = −(ξ, 4ξ)

LEWSB =
v2

4
Tr

(
DµΣ

†DµΣ
)(

1 + 2a
h

v
+ b

h2

v2
+ b3

h3

v3
+ . . .

)
− λψ̄LΣψR

(
1 + c

h

v
+ c2

h2

v2
+ . . .

)



Christophe Grojean Physics @ SLHC Saclay, 7 Nov. '11

Strong EW symmetry breaking

Giudice, Grojean, Pomarol, Rattazzi ‘07

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

large Lint needed 

not competitive with the measurement of ‘a’ via anomalous couplings

access to a new interaction, ‘b’

distinction between ‘active’ (higgs) and ‘passive’ (dilaton) scalar in EWSB dynamics

 strong WW scattering 

h
W W

W W no exact cancellation 

of the growing amplitudes= −(1− ξ)g2
E2

M2
W

A
(
W a

LW
b
L → W c

LW
d
L

)
= A(s, t, u)δabδcd +A(t, s, u)δacδbd +A(u, t, s)δadδbc A =

(
1− a2

) s

v2

 strong double Higgs production 

A
(
Z0
LZ

0
L → hh

)
= (W+

L W−
L → hh) =

(
b− a2

) s

v2

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1002.1011
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Strong WW scattering @ LHC 

Even with a light Higgs, growing amplitudes (at least up to mρ)

q

q

W

W

Bagger et al ’95
Butterworth et al. ‘02

leptonic vector decay channels
forward jet-tag, back-to-back lepton, central jet-veto 

New technics being developed : boosted jets, jet substructures...

Lint=300fb-1

A
(
Z0
LZ

0
L → W+

L W−
L

)
= A

(
W+

L W−
L → Z0

LZ
0
L

)
= −A

(
W±

L W±
L → W±

L W±
L

)
= (1− a2)

s

v2

A
(
W±

L Z0
L → W±

L Z0
L

)
= (1− a2)

t

v2
A
(
W+

L W−
L → W+

L W−
L

)
= (1− a2)

s+ t

v2

A
(
Z0
LZ

0
L → Z0

LZ
0
L

)
= cst

LET(a = 0) SM bckg
ZZ 4.5 2.1

W+W− 15.0 36
W±Z 9.6 14.7

W±W± 39 11.1

σ (pp → VLVLX)a = (1− a2)σ (pp → VLVLX)LET

http://arXiv.org/abs/hep-ph/0201098
http://arXiv.org/abs/hep-ph/9504426
http://arXiv.org/abs/hep-ph/9504426
http://arXiv.org/abs/hep-ph/0201098
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asymptotic behavior
sensitive to strong interaction

}
threshold effect

} SM: a=b=d3=d4=1

A ∼
(
b− a2

) 4m2
hh

v2 A ∼ cst. + 3ad3
m2

h

v2m2
hh ! m2

W m2
hh ∼ 4m2

h

V (h) =
1

2
m2

hh
2 + d3

1

6

(
3m2

h

v

)
h3 + d4

1

24

(
3m2

h

v2

)
h4 + . . .

LEWSB =
v2

4
Tr

(
DµΣ

†DµΣ
)(

1 + 2a
h

v
+ b

h2

v2

)

Strong hh production @ LHC 
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Threshold production
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inclusive cross-section is 

dominated by threshold 

production, it is not probing the 

asymptotic regime of hard 

scattering

integral is saturated at threshold

# ##

σ = σ̂(s0)×
∫

s0

dŝ

ŝ
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Isolating Hard Scattering

isolate events with large mhh

500 1000 1500 2000 2500
0.2

0.4

0.6

0.8

1.0

1.2

mhh  [GeV]

dσ/dmhh|MCHM4

dσ/dmhh|MCHM5

threshold

measure H3

asymptotic regime

measure (b-a2)

luminosity factor drops out in ratios: extract the growth with mhh

two models with same 
asymptotic regime but 

different higgs-self-coupling

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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Dependence on Collider Energy

increase collider energy s = sensitive to PDFs at smaller x

bigger cross-sections
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SLHC vs. VLHC

10 x lum ! 10 x events

2 x "s ! 10 x events

iif mhh>1.6TeV

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

σ = σ̂(s0)×
∫

s0

dŝ

ŝ

σ̂(ŝ)

σ̂(s0)
ρ(ŝ/s)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011


Christophe Grojean Physics @ SLHC Saclay, 7 Nov. '11

Dependence on Collider Energy

increase collider energy s = sensitive to PDFs at smaller x

bigger cross-sections

SLHC vs. VLHC

10 x lum ! 10 x events

2 x "s ! 10 x events

iif mhh>1.6TeV

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

σ = σ̂(s0)×
∫
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dŝ

ŝ

σ̂(ŝ)
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ρ(ŝ/s)
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very few events only!

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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W+W- $ 3h, Zhh, WWh, WWZ
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress

G
H

symmetric space
invariance under

π $ -π

Probe of possible discrete symmetries in the strong dynamics

a process with an odd # of PGBs 

requires a coupling breaking the coset structure

ie cannot be mediated by strong interactions alone

=0 for 

symmetric coset

}

mediated by SM gauge 

interactions (breaking of 

coset structure)

}
SM

Strong 
EWSB

AWW→ 3h ∼ 4i
s

v3

(
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4
b3

)
+ ! s×
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mW√
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)2

σ2π→3π ∼ 1
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Conclusions
There is nothing new to be discovered in physics now.  All that 

remains is more and more precise measurement.
(W. Thomson, Lord Kelvin, 1900)

a lot

http://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
http://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin

