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A cautionary tale
cf. Observational Geography, c. 1953









1953 - The high energy frontier



1953 - The high energy frontier (of gravitational potential).





1953 - Where do we go from here?



Nowhere.



2013 - Where do we go from here?



2013 - The high energy frontier (of particle physics).



Where is ‘here’?
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LSM



L? = LSM + ΣOn
Λn

I Effects of On, ∼ (E
Λ )n.

I What is Λ?



I LHC, all On

I LEP & al., O6 = (H†DµH)2, . . .

I flavour mixing, O6 = (sγµd)2, . . .

I proton decay, O6 = qqql ,ucucdcec , . . .



Probes of generic new physics:
I LHC, Λ & TeV
I LEP & al., Λ & 1−10 TeV
I flavour mixing, Λ & 103−5 TeV
I proton decay, Λ & 1013 TeV



∃ 1 measurement of Λ:
I ν masses, O5 = (LH)2

I =⇒ Λ∼ 1010 TeV
This is evidence for, not against, the SM!



Other ‘evidence’ for Λ:
I Dark Energy =⇒ Λ∼ 10−3 eV!
I Dark Matter: ∆Λ

Λ ∼ 1080!
I Baryogenesis =⇒ Λ . MP !



So why did we build the LHC?!



We built the LHC to answer two qq:
I How is electroweak symmetry broken?
I Is the weak scale natural?



We built the LHC to answer two qq:
I How is electroweak symmetry broken? Via the Higgs

mechanism.
I Is the weak scale natural?



Is the weak scale natural?



An answerable question.



∃ 1 troublesome operator
I O2 = H†H
I L ⊃ Λ2H†H =⇒ Λ∼ 100 GeV
I naturalness vs. fine-tuning/anthropics . . .



I LHC, Λ & TeV
I LEP & al., Λ & 1−10 TeV
I flavour mixing, Λ & 103−5 TeV
I proton decay, Λ & 1013 TeV

LHC new physics cannot be generic.



Rules out, e.g., a theory with
I 100s of sub-TeV particles
I sizable couplings
I new flavour structures 6= yu,yd ,ye

I no accidental B or L symmetry
a.k.a. SUSY!



Our predicament requires baroque new physics . . .



e.g. 1/2: unnatural SUSY
Dimopoulos & Giudice



The Mona Lisa of Physics

Arkani-Hamed, CERN talk, 2011



Unnatural SUSY
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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Figure 7: [top row] 95% confidence level (C.L.) upper limits on the [left column] T1bbbb and
[right column] T1tttt new physics scenario cross sections (pb) derived using the CLs method.
The solid (black) contours show the observed exclusions assuming the NLO+NLL cross sec-
tions [31–35], along with the ±1 standard deviation theory uncertainties [54]. The long-dashed
(red) contours present the corresponding expected results, along with the ±1 standard devi-
ation experimental uncertainties. Results within 175 GeV of the mgluino = mLSP diagonal are
excluded as explained in the text. [bottom row] The corresponding selection efficiencies.

ATLAS-CONF-2013-024 & CMS-SUS-12-024



e.g. 2/2: composite Higgs



e.g. 2/2: composite Higgs
I as plausible as SUSY
I similar resources should be devoted to it



A rhetorical question: What if @ Higgs?



What if @ Higgs?
I An ‘almost perfect’ rendition of EWSB!
I QCD has a natural scale ∼ GeV
I Global χSB: SU(2)L×SU(2)R → SU(2)V

I Gauge ⊃ SU(2)L×U(1)Y → U(1)em

I (But mW ,Z ∼ GeV)



QCD Colour→ Technicolour
I natural scale ∼ 100 GeV
I Global SU(2)L×SU(2)R → SU(2)V

I Gauge ⊃ SU(2)L×U(1)Y → U(1)em

I A perfect, natural rendition of EWSB
I (But no Higgs, flavour, EWPT, . . . )



Technicolour→ Composite Higgs
Kaplan & Georgi, 84 . . .

I SU(2)L×SU(2)R → SU(2)V is equivalent to
SO(4)→ SO(3)

I Generalize to SO(n + 1)→ SO(n) . . .



Geography of SO(n + 1)→ SO(n) via proof by example.



Consider SO(2)→ SO(1):
I There is 1 Goldstone boson: an angle



Consider SO(3)→ SO(2):
I There are 2 Goldstone bosons: latitude and longitude.



Now gauge SO(2)⊂ SO(3):
I Rotations about a preferred direction, cf. Earth’s axis
I Goldstone boson→ pseudo-GB
I Gets potential and coupling to gauge fields
I cf. temperature on Earth



Consider SO(5)→ SO(4):
I There are 4 Goldstone bosons: angles of S4

I they are a 2 1
2

of SU(2)×U(1)Y ⊂ SO(4), viz. the Higgs
field, H

I Gauging SU(2)×U(1)Y plus coupling to t generates V (H)
and HWW ,Hγγ etc

I a.k.a. the Minimal Composite Higgs model
Agashe, Contino, & Pomarol, 0412089



The minimal composite Higgs model
I ∆S ∝ θ 2 =⇒ 20 % tuning
I This is a lot better than SUSY



Phenomenology of composite Higgs models
I Natural because strongly-coupled
I We cannot compute!
I Use same tricks for QCD: symmetry, chiral Lagrangians, . . .
I Simplified models



Phenomenology of composite Higgs models: bad news
I Departures from SM in e.g. H couplings ∝ θ 2 ∼ 20 %
I Generic resonance masses ∼ 4πv/θ ∼ few TeV



Phenomenology of composite Higgs models: good news
I Naturalness =⇒ light, fermionic top partner

Contino, da Rold & Pomarol, 0612048

I dof: SO(4)/SO(5) reps, compositeness, mass, few
couplings

I e.g. 1 = T or 4 = (B,T ,T ′,X
5
3 ) of SO(4)

De Simone et al., 1211.5663



Pair production of X
5
3

1

1 Introduction
Various extensions of the standard model predict the existence of heavy partners for the top
quark with charge 5e/3. These “top partners” are Dirac particles, and therefore do not con-
tribute significantly to the Higgs Boson production cross-section [1]. Thus, they are not ex-
cluded by the recent observation of a 125 GeV Higgs-like resonance [2] and searches for such
top partners continue to be important for testing several new physics scenarios [1, 3–5].

This note presents a search for the pair-production of such exotic top quark partners using data
collected by the Compact Muon Solenoid (CMS) experiment at

p
s = 8 TeV. This is an update

of the CMS search [6] which was performed at
p

s = 7 TeV. As before, we follow Ref. 3 which
proposes the T5/3, an exotic top partner with charge 5e/3, and the B quark (with charge -1e/3)
and also assumes that the mass of the B quark is greater than that of the T5/3. The predicted
mass of the T5/3 ranges from about 300 GeV to a TeV, so it should be possible to observe it
at the Large Hadron Collider (LHC). We also assume 100% branching fraction for the decay
T5/3 ! tW.

We focus on the dilepton channel wherein the two W bosons arising from the same T5/3 decay
into same-sign leptons and the other two decay inclusively (see Fig. 1). The leptons used for
this analysis are electrons and muons. The presence of same-sign leptons distinguishes this
process from tt, leaving only backgrounds with much smaller cross sections: ttW, ttZ, WWW,
and same-sign WW. The tt background, however, still contributes to the overall background
due to its large cross section. In addition to instrumental effects such as charge misidentification
in dilepton signatures, tt events where the W boson from one top quark decays leptonically and
the second lepton arises from a b-quark contribute to the same-sign dilepton signatures. Due
to instrumental effects, QCD multijets and Z+jets also contribute to the background.

q̄ q0

g

g

T̄5/3

q0

q̄

g

W�

W+ b

b̄

t̄

l+ ⌫
l+ ⌫

t
T5/3

W�

W+

Figure 1: Pair production of T5/3 quarks via gluon fusion and decay to same-sign dilepton final
states. Figure taken from Ref. [5].

2 CMS Detector
A detailed description of the CMS detector can be found elsewhere [7]. The layout comprises a
superconducting solenoid providing a uniform magnetic field of 3.8 T. The bore of the solenoid
is instrumented with various particle detection systems. The inner tracking system is com-
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Figure 3: The distributions of the leading lepton pT in the ee, eµ and µµ channels after the
same-sign selection, the Z/quarkonia lepton invariant mass veto and a requirement of at least
two jets.

m > 770GeV
CMS-B2G-12-012



Single production dominates at high mass/coupling

� [fb] @ NNLO

pair production

M [GeV]
p

s = 7 TeV
p

s = 8 TeV

400 (0.920) 1.41 ⇥103 (1.50) 2.30 ⇥103

500 (218) 330 (378) 570

600 (61.0) 92.3 (113) 170

700 (19.1) 29.0 (37.9) 56.9

800 (6.47) 9.88 (13.8) 20.8

900 (2.30) 3.55 (5.33) 8.07

1000 (0.849) 1.33 (2.14) 3.27

1100 (0.319) 0.507 (0.888) 1.37

1200 (0.122) 0.196 (0.375) 0.585

1300 (4.62) 7.60 ⇥10�2 (0.160) 0.253

Table 2: Cross sections for the NNLO pair production of heavy fermions at
p

s = 7, 8 TeV (the LO values

are in brackets), with HATHOR [24].

t

X
V

b

X
V

Figure 3: The single-production diagrams.

and for this reason it will not be reported here, however it is easily implemented in a Mathematica

package.

The single production cross-sections are quadratic polynomials in the couplings, with coe�cients

that encapsulate the e↵ect of the QCD interactions, the integration over the phase-space and the

convolution with the parton distribution functions. These coe�cients depend uniquely on the mass

of the partner and can be computed by Monte Carlo integration. Once the latter are known we obtain

semi-analytical formulae for the cross-sections. The production in association with the b is simply

proportional to g2
XbL

while the one with t would be, a priori, the sum of three terms proportional

to g2
XtL

, g2
XtR

and gXtL · gXtR which account, respectively, for the e↵ect of the left-handed coupling,

of the right-handed one and of the interference among the two. However in the limit of massless

top quark, mt ⌧ mX , the processes mediated by the left-handed and by the right-handed couplings

become physically distinguishable because the anti-top produced in association with X will have

opposite chirality in the two cases. Therefore in the limit mt ! 0 the interference term can be

neglected. Moreover, the coe�cients of the gXtL
2 and gXtR

2 terms will be equal because the QCD
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Figure 11: Maxmal and minimal bounds on the masses of top partners for y 2 [0.3, 3], c1 2 [0.3, 3] and

⇠ 2 [0.1, 0.3] for the models M45, M15 (left pannel) and M414, M114 (right pannel). Blue and green bars

correspond respectively to high and low values of y. Black dashed lines correspond to the exclusions for the

reference values ⇠ = 0.1, c1 = 1, y = 1.

5 Conclusions

In this paper we described an approach to systematically construct the low-energy e↵ective la-

grangian for the lighest colored fermion multiplet related to the UV completion of the top quark

sector: the top partner. Our construction is based on robust assumptions, as concerns symmetries,

and on plausible assumptions, as concerns the dynamics. Our basic dynamical assumption, follow-

ing Ref. [4], is that the electroweak symmetry breaking sector, or at least the fermionic sector, is

broadly decribed by a coupling g⇤ and a mass scale m⇤. This assumption implies a well definite

power counting rule. In particular the derivative expansion is controlled by inverse powers of m⇤.
In the technical limit where the top partner multiplet  , is parametrically much lighter than the

rest of the spectrum (m ⌧ m⇤), our power counting provides a weakly coupled e↵ective lagrangian

description of the phenomenology of  . The basic idea is that, in this case, the e↵ects of the bulk of

the unknown spectrum at the scale m⇤ can be systematically described by an expansion in powers of

m /m⇤. The lagrangian obtained in this limit defines our simplified description of the top parters.

One should however keep in mind that the most likely physical situation is one where m⇤�m ⇠ m ,

where an e↵ective lagrangian is formally inappropriate. In practice, however, we expect it to be more

than adequate for a first semi-quantitative description of the phenomenology and certainly to assess

experimental constraints. The comparison with explicit constructions supports this expectation.

As concerns the symmetries of the strong sector, we considered the minimal composite Higgs

based on the SO(5)/SO(4) coset. Furthermore we focussed on the simplest possibility where the

right-handed top quark tR is itself a composite fermion. The leading source of breaking of SO(5) is

thus identified with top quark Yukawa coupling yt. In our construction, we have fully exploited the

selection rules obtained by treating yt as a small spurion with definite transformation properties. For

instance the structure of the mass spectrum and the couplings are greatly constrained by symmetry

and selection rules. In particular the pNGB nature of the Higgs doublet implies the couplings

originating from the strong sector are purely derivative: at high energy, or for heavy on-shell fermions,

these couplings are e↵ectively quite sizeable and yet they do not a↵ect the spectrum even accounting

for hHi 6= 0. If the Higgs were not treated as a pNGB a large trilinear would be associated with a

large Yukawa coupling and the spectrum would necessarily be a↵ected when hHi 6= 0.

34

Optimize 4th gen. searches for forward jets
De Simone et al., 1211.5663



I a huge amount of work to be done, by theorists and
experimentalists

I we must do the best we can with LHC14



What if we come up empty-handed?



We will, nevertheless, have answered both questions.



We built the LHC to answer two qq:
I How is electroweak symmetry broken? Via the Higgs

mechanism.
I Is the weak scale natural? No.



At least our hubris will be profound.



“So many centuries after the Creation, it is unlikely that anyone
could find hitherto unknown lands of any value.” Spanish Royal
Commision, 1490



“The more important fundamental laws and facts of physical
science have all been discovered, and these are now so firmly
established that the possibility of their ever being supplanted in
consequence of new discoveries is exceedingly remote.... Our
future discoveries must be looked for in the sixth place of
decimals.” Michelson, 1894


