
Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Top physics and strong electroweak
symmetry breaking

Ben Gripaios

CERN TH

May 2009



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Outline

Why strong EWSB?

What has strong EWSB got to do with the top?

Hints from flavour physics

Hints from EW precision tests



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Outline

Why strong EWSB?

What has strong EWSB got to do with the top?

Hints from flavour physics

Hints from EW precision tests



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Outline

Why strong EWSB?

What has strong EWSB got to do with the top?

Hints from flavour physics

Hints from EW precision tests



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Why strong EWSB?



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Why not weak EWSB?



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Tension in the data

Figure 1: χ2 distributions as a function of mH from the combination of the three leptonic

asymmetries ALR, A!
FB, A!(Pτ ) (solid line); the three hadronic asymmetries Ab

FB, Ac
FB, and

QFB (dashed line); and the three mH-sensitive, nonasymmetry measurements, mW , ΓZ , and

Rl (dot-dashed line). The horizontal lines indicate the respective 90% symmetric confidence

intervals.

is a genuine reflection of new physics, for instance, in the Zbb vertex. Because Rb agrees well

with the SM prediction, it is straightforward to show that this hypothesis requires a very

large (∼ 20%) new physics contribution to the right-handed Zbb coupling. Popular models

of new physics cannot readily explain the data, but there is not a no-go theorem and some

possibilities have been explored.[16] If it is a genuine manifestation of new physics, then the

new physics must first be known in order to use the precision data to predict mH .

The third possible explanation of the discrepancy is underestimated systematic error.

The three leptonic measurements are comparatively straightforward. They are free of com-

plications from QCD and hadronization, involve three quite different techniques with no

common systematic uncertainties, and have a sensible χ2, with sin2θ! eff
W = 0.23113 (21)

and CL(1.6/2) = 0.44. In contrast, the three hadronic measurements share challenging

experimental and theoretical systematic issues, including heavy flavor tagging, large QCD

corrections, and, especially, reliance on hadronic Monte Carlo simulations to merge the QCD

6

I solid: leptonic asymmetries, mh ∼ 50GeV
I dash: hadronic asymmetries, mh ∼ 500GeV
I dot-dash: non-asymmetry measurements,

mh ∼ 50GeV
I combined, mh ∼ 85GeV, CL(14.1,7) = 0.05
I cf. mh & 114GeV

Chanowitz, 0806.0890
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What about the hierarchy?
If it’s SUSY, why haven’t we seen any superpartners yet?

Figure 2: The phase diagram of the minimal supersymmetric SM, assuming a universal
scalar mass m2, a gaugino unified mass M , a Higgsino mass µ, and trilinear term A = 0,
with all parameters defined at the GUT scale. The top Yukawa coupling is fixed such that
mt = 172.7 GeV and tanβ = 10 in the usual phase with electroweak breaking. Some
contours are shown for masses of the lightest stop (Mt̃1), the gluino (Mg̃), and the lightest
chargino (Mχ+). The green (gray) area shows the region of parameters allowed after LEP
Higgs searches.

involved in the conventional SU(2) × U(1) breaking pattern (third-generation squarks and

the two Higgses).

More interesting is a special multi-critical point, separating the various Higgs phases,

that corresponds to vanishing Higgs bilinear terms (m2
1 = m2

2 = m2
3 = 0)2. This point,

which is actually a surface in the case of general soft terms, occurs at negative m2, in the

example we are considering. Moving away from the multi-critical point, different phases

emerge, depending on the signs and the values of m2
1 and m2

2 at the scale MS. For positive

2These three conditions cannot be in general satisfied in the case of only two free parameters. However,
fig. 2 corresponds to fixed tanβ, and thus m2

3 automatically vanishes, whenever m2
1 = m2

2 = 0.

5

Giudice and Rattazzi, 0606105



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Why strong EWSB?



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Why strong EWSB?

I A natural hierarchy, cf QCD
I Calculability via AdS/CFT
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Why not strong EWSB?

I Electroweak precision tests
I Flavour changing neutral currents
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WW scattering I

The obvious place to look for strong EWSB is WW
scattering . . .

V. MONTE CARLO SIMULATIONS

We have modified the PYTHIA Monte Carlo generator !15"
to include the EWChL approach using both Padé and N/D

protocols. Signal samples containing the W!W! final state

#including all charge combinations$ are generated using

PYTHIA 6.146 with the Padé unitarization scheme.3 As a

cross-check, a sample with a 1 TeV Higgs boson was also

generated using HERWIG 6.1 !27". In all cases, the leading
logarithmic QCD parton showers and hadronization are in-

cluded.

The dominant backgrounds are QCD t t̄ production and

radiative W"jets, as illustrated in Fig. 10. These processes
are implemented in the PYTHIA 6.146 and HERWIG 6.1 gen-

erators. To improve generation efficiency the minimum pT of

the hard scatter is set to 250 GeV for the W"jets sample and

to 300 GeV for the t t̄ sample !6". In addition to the hard
subprocesses, the effects of the ‘‘underlying event’’ are simu-

lated in both signal and background. Our default model in

PYTHIA !28" is obtained by setting a fixed minimum pT cut-

off of pT
min#3 GeV for secondary scatters. The default en-

ergy dependence of this cutoff has been explicitly turned off.

No pile-up from multiple pp interactions is included. Other

models, in both HERWIG and PYTHIA, are discussed in Sec.

VIII, along with their effects. The leading order cross sec-

tions are used to obtain rates and there is therefore a rather

large degree of uncertainty, particularly in the normalization

of t t̄ production, which is a pure QCD, dominantly gluon-

induced, process. NLO calculations !29" suggest K factors of
order two are appropriate; the final word would come from

measurements at the LHC itself. However, we shall demon-

strate that this is not a major problem since we are able to

control the t t̄ background particularly well.

VI. EXTRACTING THE SIGNAL

To identify semileptonic decays, we select first on the

leptonically decaying W #electron/muon and missing trans-
verse energy$, then on the hadronically decaying W #jet in-
variant mass, rapidity and transverse energy$ and finally on
the event environment #tagging jets at high rapidities, veto-
ing on central minijet activity$. In all cases we have used
only particles within a rapidity region of !%!$4.5 to approxi-
mate the acceptance of a general purpose detector at the

LHC. For clarity, we show just one signal sample as an ex-

ample. The 1 TeV scalar resonance #scenario A$ is chosen,
since this has the lowest average MWW and therefore has a

shape closest to that of the backgrounds. The other scenarios,

while in general very like this sample, have a harder spec-

trum in the transverse momentum variables. The analysis

follows the 1 TeV Higgs study of !6" quite closely for many
cuts. However, we differ in the identification of hadronically

decaying W bosons via the subjet method, in the top quark

veto, in the cut on the transverse momentum of the hard

system, and in details of other cuts; all of which are de-

scribed below.3The code is available from the authors on request.

FIG. 10. Typical diagrams for

signal and background processes:

#a$ signal; #b$ W"jets; #c$ t t̄ .

WW SCATTERING AT THE CERN LHC PHYSICAL REVIEW D 65 096014

096014-7

Butterworth, Cox & Forshaw, 0201098

Bagger et al., 9504426
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Figure 16: WW (top 4) and WZ (bottom 3) invariant mass spectra in the !ν j( j) semileptonic channel,
showing the total W+jets and tt̄ backgrounds and the signal for the three resonant signal samples and the
continuum sample. The error bars reflect the uncertainty from the Monte Carlo statistics.
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EXOTICS – VECTOR BOSON SCATTERING AT HIGH MASS
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1790

ATLAS, 0901.0512

I Can LHC see it, if it’s there?
I Is it there? 4πv ∼ 3 TeV
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Figure 16: WW (top 4) and WZ (bottom 3) invariant mass spectra in the !ν j( j) semileptonic channel,
showing the total W+jets and tt̄ backgrounds and the signal for the three resonant signal samples and the
continuum sample. The error bars reflect the uncertainty from the Monte Carlo statistics.
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The EWSB/top connection I

I Of SM couplings, yt is largest
I Can we say anything stronger?
I Recall the ills of strong EWSB: FCNC and EWPT
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Strong EWSB and FCNC

ΛIR � E � ΛUV =⇒ The language of hierarchy is CFT

Natural hierarchy =⇒ d [O] & 4

Two ways to get fermion masses:

I Bi-linear:
L = yfLOH fR, OH ∼ (1,2) 1

2

I Linear:
L = yLfLOR + yRfROL + mOLOR, OR ∼ (3,2) 1

6
D. B. Kaplan, 1991
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Bi-linear fermion masses

L = fLOH fR
Λd−1

F
+ fLfR fLfR

Λ2
F

FCNC =⇒ ΛF & 103−4TeV =⇒ d . 1.2−1.3

I RS: d → ∞

I TC: d ∼ 3
I WTC: d ∼ 2
I SM: d ∼ 1 (but then d [O†

HOH ]∼ 2)

Strassler, 0309122

Luty & Okui, 0409274

Rattazzi, Rychkov & Vichi, 0807.0004

Rychkov & Vichi, 0905.2211
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Linear fermion masses

L = yLfLOR + yRfROL + mOL,ROL,R

I OL,R can be relevant
I Flavour can be decoupled
I RS-GIM Gherghetta & Pomarol, 0003129

Huber & Shafi, 0010195

Agashe, Perez & Soni, 0406101

Agashe, Perez & Soni, 0408134

Agashe, Contino & Pomarol, 0412089
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Compositeness I

L = Lel(gel) +Lcomp(g∗) +Lmix

I 1 . g∗ . 4π
I |SM〉= cosφ |el〉+ sinφ |comp〉
I |heavy〉=−sinφ |el〉+ cosφ |comp〉

Contino, Kramer, Son & Sundrum, 0612180
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Compositeness II

I |SM〉= cosφ |el〉+ sinφ |comp〉
I |heavy〉=−sinφ |el〉+ cosφ |comp〉

I Higgs: sinφh = 1,
I Top Yukawa: yt ∼ g∗ sinφqL sinφtR
I qL or tR fully composite

Pomarol & Serra, 0806.3247
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Compositeness III

Effects of higher-d operators

L = (tRtR)2 + (qLqL)2 + H†σ iDH qLσ iqL

I t t → t t ,bb scattering
I anomalous WtLbL, . . . couplings

Eichten, Lane & Peskin , 1983

Georgi, Kaplan, Morin & Schenk, 9410307

Giudice, Grojean, Rattazzi, Pomarol, 0703164

Lillie, Shu & Tait , 0712.3057

Pomarol & Serra, 0806.3247

Kumar, Tait & Vega-Morales, 0901.3808
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Kumar, Tait & Vega-Morales, 0901.3808
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Strong EWSB and EWPT:

Effective Lagrangian at MW :

L = Π+−W +W−+ Π33W 3W 3 + Π3Y W 3B + ΠYY BB

I Π(q2) = Π(0) + q2Π′(0) + . . .

I Πab ∼ 〈JaJb〉
I Π+−−Π33 ∼ T
I Π′3B ∼ S

Peskin & Takeuchi, 1990; 1992
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Strong EWSB and EWPT: T

SU(2)L×U(1)Y
U(1)Q

→ SU(2)L×SU(2)R
SU(2)V

= SO(4)
SO(3)

Sikivie, Susskind, Voloshin & Zakharov, 1980

I B = T3R

I T is 5 of SU(2)V

I SU(2)V protects T
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Strong EWSB and EWPT: S

Second problem is S

I S contains a 1 of SU(2)V

I SU(2)V doesn’t protect S
I Nothing protects S
I S > 0 =⇒ no cancellation
I Make S small somehow?
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Strong EWSB and EWPT: S

There is a symmetry for S: SU(2)L

I =⇒ S ∼ v2/Λ2

I v � Λ?
I Put back Higgs: SO(4)/SO(3)→ SO(5)/SO(4)

I NGBs a 4 of SO(4)

I v/Λ dynamical
I Higgs screens IR contribution to S
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Strong EWSB and EWPT: Z → bb

Z → bLbL coupling fits SM within 0.25 per cent

g
cosθW

(Q3
L−Q sin2 θW )

I PLR : SU(2)L↔ SU(2)R

I PLR and U(1)V =⇒ δQ3
L = 0

I bL ∈ 4 of O(4)
Agashe, Contino, Da Rold & Pomarol, 0605341
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Fermionic Resonances (Top Partners) come in
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I tR ∈ 1 . . . of O(4)

Fixed spectrum of electric charges



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

Summary

Back to top physics

Fermionic Resonances (Top Partners) come in

I qL ∈ 4 . . . of O(4)

I tR ∈ 1 . . . of O(4)

Fixed spectrum of electric charges



Top/Strong EWSB

Strong EWSB

Top

FCNC

EWPT

SummaryI Strong EWSB/Top physics connected via
FCNC/EWPT

I Search for compositeness
I Search for resonances . . .
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