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  I. The Holy Grail              vs.  the Quixotic Quest 

 
 II. Meissner Effect, Higgs Mechanism, & the God Particle 

 
III. The Quixotic Trail:  from Pheno to Geno 

 
IV. Pairing, Dynamical EWSB, & the Dilaton Bonus 

 
 V. Discussion & Conclusion 

 

The Higgs Boson & Heavy Quarks 
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I.   The Holy Grail               vs.  the Quixotic Quest 

http://www.ntu.edu.tw/chinese/PageN.php
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“Us” 

The “God” Particle:  the Origin of Mass 

http://www.ntu.edu.tw/chinese/PageN.php
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TIME 

& 

Science 

Triumphal at CERN, July 4th, 2012 

http://www.livescience.com/21520-higgs-boson-music-what-might-quarks-sound-like-video.html 

Higgs “music”:  
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BIG Science 

http://www.ntu.edu.tw/chinese/PageN.php
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H → ZZ* → eemm 

Candidate Events 

H → gg 

http://www.ntu.edu.tw/chinese/PageN.php
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Production Processes 

dominant 

乾淨, 但很小 

顯著, 但較髒 
Production & Decay: 
  

   Complex Processes 

http://www.ntu.edu.tw/chinese/PageN.php
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Candidate Events 

Leading Processes 

H → gg 

H → ZZ* → eemm 

http://www.ntu.edu.tw/chinese/PageN.php
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Michael Peskin (SLAC), Summary of  LP11,  Mumbai, 8/2011 

CMS stated this a month earlier ... 

p. 101 

How I often looked ... Since 20 yrs 

CMS actually announced  

at EPS-HEP11, 7/2011  

http://www.ntu.edu.tw/chinese/PageN.php
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Leading Processes 

4G loop 

Increase ~ 9-fold 

Why is Sequential 4G in Deep Trou(p)ble? 

H → ZZ* → eemm 

H → gg 

http://www.ntu.edu.tw/chinese/PageN.php
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What is Sequential 4G? 

http://www.ntu.edu.tw/chinese/PageN.php
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ATLAS 

as well 

Direct Search for “4G” at LHC 

NTUCMS 

Lead 

http://www.ntu.edu.tw/chinese/PageN.php
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II. Meissner Effect, Higgs Mechanism, & the God Particle 

http://www.ntu.edu.tw/chinese/PageN.php
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What is Meissner Effect ? 

Magnetic Field damped 

Photon acquires “Mass” 

Higgs Mechanism ! 

~ 

Absence of B in SC Attentuation, or 

penetration depth 

http://www.ntu.edu.tw/chinese/PageN.php
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From Yoichiro Nambu’s 2008 Nobel Lecture 

φ ~ Ginzburg-Landau 

“order parameter” 

Cooper 

pair 

condensation 

Superconductor  ~  Charged Superfuild 

υ 

http://www.ntu.edu.tw/chinese/PageN.php
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The “God” Particle:  the Origin of Mass 

Unbroken 
Unintended 

or 

Intended? 

~ 80 – 90 GeV ! 
from  

~ 0.5 MeV 

to  

~ 173 GeV 

massless 
mf  ~ lf υ 

mV  ~  gυ 

lf  :  Yukawa Coupling 

http://www.ntu.edu.tw/chinese/PageN.php


The Fundamental Fermions 

u 

d 

t c 

s b 

six quarks 

1947 

1974 1995 

1977 

e m 
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six leptons 

1956 

1895 

1962 

1936 1975 

2000 

Flavor Heavy 

Where is our Mendele’ev ? 

mf  ~ lf υ 
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"for the discovery of  

the mechanism of  

spontaneous broken 

symmetry in  

subatomic physics" 

"for the discovery of the origin of the  

broken symmetry which predicts the  

existence of at least three families of  

quarks in nature" 

Photo: Universtity of Chicago Photo: KEK  Photo: Kyoto University 

Yoichiro Nambu     Makoto Kobayashi Toshihide Maskawa 

    1/2 of the prize     1/4 of the prize     1/4 of the prize 

USA        Japan   Japan 

Enrico Fermi Institute,  

University of Chicago  

Chicago, IL, USA 

       High Energy Accelerator  

       Research Organization  

       (KEK)  

       Tsukuba, Japan 

  Kyoto Sangyo University;  

  Yukawa Institute for  

  Theoretical Physics (YITP),  

  Kyoto University  

  Kyoto, Japan 

b. 1921 

(in Tokyo, Japan) 
       b. 1944   b. 1940 

CP Violation 
in SM 

7 October 2008 

B Factories 
(BaBar & Belle) 

The Nobel Prize in Physics 2008 

"for the discovery of  

the mechanism of  

spontaneous broken 

symmetry in  

subatomic physics" 
SSB 

http://www.ntu.edu.tw/chinese/PageN.php
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Nambu’s comment on Higgs Mechanism 

mf  ~ lf υ 

Pairing 

http://www.ntu.edu.tw/chinese/PageN.php
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damn 

熊怡 

老闆 

• Elusive … till July 4th, 2012 

     — 48 yrs stretch 

God, or Goddamn, Particle:  Hope, or Dispair 

Which is “Real”? 

• First “elementary” scalar, ever ! 

    NOT provided in QED, nor QCD 

• Fermion Mass Generation 

    seem fortuitous: 

• Opens a “Can of Worms”: 

    – Hierarchy Problem 

    – Vacuum Stability   … etc. 

mf  ~ lf υ 

http://www.ntu.edu.tw/chinese/PageN.php
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"for the discovery of  

the mechanism of  

spontaneous broken 

symmetry in  

subatomic physics" 

"for the discovery of the origin of the  

broken symmetry which predicts the  

existence of at least three families of  

quarks in nature" 

Thoughts on the other 1/2 Nobel Prize 

Photo: Universtity of Chicago Photo: KEK  Photo: Kyoto University 

Yoichiro Nambu     Makoto Kobayashi Toshihide Maskawa 

    1/2 of the prize     1/4 of the prize     1/4 of the prize 

USA        Japan   Japan 

Enrico Fermi Institute,  

University of Chicago  

Chicago, IL, USA 

       High Energy Accelerator  

       Research Organization  

       (KEK)  

       Tsukuba, Japan 

  Kyoto Sangyo University;  

  Yukawa Institute for  

  Theoretical Physics (YITP),  

  Kyoto University  

  Kyoto, Japan 

b. 1921 

(in Tokyo, Japan) 
       b. 1944   b. 1940 

SSB 
! Yukawa by Large      

Condense can  QQ

Could EWSB be  

  due to b’ and t’  
above unitarity bound ~ 500-600 GeV ? 

Bob Holdom:             N–J-L 

 [Bardeen, Hill, Lindner 

 

Gustavo Burdman:  “Holographic” 4th gen. 

http://www.ntu.edu.tw/chinese/PageN.php
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III. The Quixotic Trail:  from Pheno to Geno 

many episodes 

http://www.ntu.edu.tw/chinese/PageN.php
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“Z-penguin” 

“Z-penguin” 

B 

http://www.ntu.edu.tw/chinese/PageN.php
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4G stock collapse, 1990’s 

Measure 

Nn = 3 

N.B. use 2006 just for illustration 

Electroweak Precision Tests 

http://www.ntu.edu.tw/chinese/PageN.php
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_ 
d 

d 
p0  

K- 
u u 

B- 
s b t, t’ 

“Z-penguin” 

http://www.ntu.edu.tw/chinese/PageN.php


 H & Q                                                         George W.S. Hou (NTU)                 Colloquium @ NTHU, 1/9/2013  27 

http://www.ntu.edu.tw/chinese/PageN.php


 H & Q                                                         George W.S. Hou (NTU)                 Colloquium @ NTHU, 1/9/2013  28 

 Planning for NTUCMS Analysis Strategy, ca. 2/2006  
  

http://www.ntu.edu.tw/chinese/PageN.php
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 CP Violation for the Heaven and the Earth  

 

 
 

February 6, 2009, Wine & Cheese Seminar, Fermilab 
                                     

— Sighting the 4th Generation ? 

http://www.ntu.edu.tw/chinese/PageN.php
http://www.ntu.edu.tw/chinese/PageB.php
http://www.ntu.edu.tw/chinese/PageN.php
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Find b’, t’, or Rule Out @ LHC 

4th generation?   —   The jury is out …  

In era of LHC, can Directly Search for b’, t ’  
Once and For All ! 

It’s a Duty. 

Strategy Considerations (        ) 
• Well shielded training ground — All Tools 

     ☞ Move on to Greener Pastures ~ in 2 years 
  

• Publish early — Large Cross Section 

     - If “Limits”, then easy to publish 

     - If “Signal”, Lucked Out! 

Sighting 
 Vision ~ Early ’06 

Well shielded 

Publish early 

http://www.ntu.edu.tw/chinese/PageN.php


        CPV                                                  George W.S. Hou (NTU)                     Wine & Cheese, Feb 6, 2009   31  

b’ Signatures 

For mb’ < mt+MW = 255 GeV 

b’  cW dominance  
b’  tW* dominance 

for sizable 
for suppressed 

Kinematic suppressed for mb’ ≲ 230 GeV 

For mb’ > mt+MW = 255 GeV 

b’  tW dominance; FCNC searchable 

tt(bar)WW → bb(bar)W+W-W+W- 

Initial discovery should consider  
               b’  cW  ~  b’  bZ, bH  ~  b’  tW* 

cc(bar)WW; cWbZ; cWbH; 
tc(bar)WW*;  
tt(bar)W*W*; tW*bZ; tW*bH; 

4 W’s + 2b’s 

Heavy Q related 

To EWSB ? 

http://www.ntu.edu.tw/chinese/PageN.php
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攻頂計畫 
2010-2015 

 A New Drive since 2010 for CMS Participation 

http://www.ntu.edu.tw/chinese/PageN.php
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ATLAS 

as well 

Direct Search for “4G” at LHC 

NTUCMS 

Lead 

http://www.ntu.edu.tw/chinese/PageN.php
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Michael Peskin (SLAC), Summary of  LP11,  Mumbai, 8/2011 

CMS stated this a month earlier ... 

p. 101 

How I often looked ... Since 20 yrs 

CMS actually announced  

at EPS-HEP11, 7/2011  

http://www.ntu.edu.tw/chinese/PageN.php
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 PostMortem ...                                      
Alex Pomarol @ ICHEP 

Riccardo Barbieri 

http://www.ntu.edu.tw/chinese/PageN.php
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 PostMortem ...; or (future) Resurrection 

Alex Pomarol @ ICHEP 

Kingman 

http://www.ntu.edu.tw/chinese/PageN.php
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But it’s hard to believe we are seeing  
  

a Dilaton “just now” ... 

http://www.ntu.edu.tw/chinese/PageN.php
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Summary by Michelangelo Mangano 
 @ HCP 2012, Kyoto, 11/2012  

MASS !? 

December 

http://www.ntu.edu.tw/chinese/PageN.php
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Summary by Michelangelo Mangano 
 @ HCP 2012, Kyoto, 11/2012  

• gg mode  > SM 
• no convincing evidence 
  for VBF (Vector Boson Fusion) 

  or VH (Higgsstrahlung off V), 
  e.g. fermion/gg modes 

Dilaton Not Ruled Out ! 

Coupling weaker by v/f, 
 except to gg & gg 

MASS !? 

December 

http://www.ntu.edu.tw/chinese/PageN.php
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Verify Higgs, or Rule Out Dilaton 

Not beyond doubt before 2015. 
13 TeV run start late 2014 

Which is “Real”? 

http://www.ntu.edu.tw/chinese/PageN.php
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"for the discovery of  

the mechanism of  

spontaneous broken 

symmetry in  

subatomic physics" 

"for the discovery of the origin of the  

broken symmetry which predicts the  

existence of at least three families of  

quarks in nature" 

Thoughts on the other 1/2 Nobel Prize 

Photo: Universtity of Chicago Photo: KEK  Photo: Kyoto University 

Yoichiro Nambu     Makoto Kobayashi Toshihide Maskawa 

    1/2 of the prize     1/4 of the prize     1/4 of the prize 

USA        Japan   Japan 

Enrico Fermi Institute,  

University of Chicago  

Chicago, IL, USA 

       High Energy Accelerator  

       Research Organization  

       (KEK)  

       Tsukuba, Japan 

  Kyoto Sangyo University;  

  Yukawa Institute for  

  Theoretical Physics (YITP),  

  Kyoto University  

  Kyoto, Japan 

b. 1921 

(in Tokyo, Japan) 
       b. 1944   b. 1940 

SSB 
! Yukawa Largeby       

Condensecan   QQ

Could EWSB be  

  due to b’ and t’  
above unitarity bound ~ 500-600 GeV ? 

Bob Holdom:             N–J-L 

 [Bardeen, Hill, Lindner 

 

Gustavo Burdman:  “Holographic” 4th gen. 

http://www.ntu.edu.tw/chinese/PageN.php
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IV. Pairing, Dynamical EWSB, & the Dilaton Bonus 

http://www.ntu.edu.tw/chinese/PageN.php
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 Path Towards a Gap Equation  

Associated with left-handed gauge coupling: 

Yukawa Coupling of Goldstone Mode Established,  
                              Independent of Higgs’ Existence 

 Intuitively saw 

I re-entered 4G study, since 2004, due to flavor/CPV  

Since 2006-7, start to think about Physics at CMS/LHC 
  

   ➜  Set-up 4G quark search as program for NTU CMS group  (influenced, e.g. Francois) 
  

Since 2008, as bounds rose (Tev  ↷  LHC), re-learned Yukawa-induced condensate 
Holdom ’06 

[CPV-4-BAU] 

Nambu’s prize in 10/2008 made me think QQ condensation is NJL-like  
 
Puzzled: 
 (ca. 2009) 

Scattering 
(UBV) 

~ “long-distance” 

        (vs 1/mQ) 

lQ 

As mQ rose, mQ/mW increased; 
the scattering that sets 
      the Unitarity Bound 
is a “long distance” effect  
  

Not quite NJL-like.  

Of course, leading UBV occurs 
  

 for G in s-channel (but this is repulsive). 

4q operator 

_ 

http://www.ntu.edu.tw/chinese/PageN.php
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Gap Equation? 

WSH, ICHEP2010; 
& arXiv:1201.6029 
(Chin. J. Phys., 6/2012) 

lQ 

 Unitarity Bound, QQ Scattering  

Scattering 
(UBV) 

~ “long-distance” 

        (vs 1/mQ) 

lQ 

Self 
Energy 

lQ 

summer 2010, 
while discussing w/ 

Felipe Llanes-Estrada 

self-energy 

Gap Equation 

q 
2 

summer 2011: No New Physics 

1-2-3 TeV 

Summing over large range  

of exchange momentum q 

_ 

http://www.ntu.edu.tw/chinese/PageN.php
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 Gap Equation:  Yukawa “Bootstrap” 

Gap equation for large Yukawa in the ladder approx. 

   w/ m0 = 0 

(and neglect gauge couplings)  

“Mass” = B/A 

Self-energy 
   momentum-dep. G 

lQ 

(gauge symm.) 

Drop Higgs  

for now; 

return later. 

http://www.ntu.edu.tw/chinese/PageN.php
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 Gap Equation:  Yukawa “Bootstrap” 

So,  

We find, numerically,                                            ~ 1.4 
  

              ➜                                ➜         

Higgs or not, absorbed in 

! ! 

http://www.ntu.edu.tw/chinese/PageN.php
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 So, what about 126 GeV boson ? Has to be Dilaton! 

4G (chiral Q) seemingly bites the dust, again ... (not that it did not happen before) 

My first reaction: Hard to believe we are seeing a Dilaton “just now” ... 

But the Bootstrap Gap Eq. is nominally Scale-Inv. (no scale, m0 = 0) ! 

Used in aid of numerical solution. 

Dynamical Mass Generation also means Breaking of Scale Invariance. 

Could there be a Dilaton ?                              (Radion via AdS/CFT or warped) 
Goldberger, Grinstein, Skiba, ’08 

Barger, Ishida, Keung, ’12                                                    Cheung, Yuan, ’12 

Campbell, Ellis, Olive,  ’12                                                    Grzadkowski, Gunion, Toharia, ’12 

Coleppa, Gregroire, Logan, ’12 

Matsuzaki, Yamawaki, ’12; 7/12; 9/12                                                    etc. 

Elander, Piai,  8/12 

Treat 3 parameters 

a = v/F,  cg,  cg N.B. We did not touch UV  ... (our whole development is empirical) 
N.B. 4G ➙ 2HDM? Perhaps, but 1) Why h0 light; 2)  Gap Eq. not applicable 

 “holographic techni-dilaton gives  
as good a fit as SM Higgs” 

Not Yet 

Ruled Out 

Even after HCP 

What is the true source  
of Scale Breaking ? 

http://www.ntu.edu.tw/chinese/PageN.php
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 Gap Equation:  Yukawa “Bootstrap” 

“Mass” = B/A 

Dropped “Higgs”;  

if dilaton,  v2/F2  

     suppressed. 

➜ self-consistent 

Gap equation for large Yukawa in the ladder approx. 

   w/ m0 = 0 

(and neglect gauge couplings)  

Self-energy 
   momentum-dep. G 

lQ 

(gauge symm.) 

http://www.ntu.edu.tw/chinese/PageN.php
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V.   Discussion and Conclusion  

http://www.ntu.edu.tw/chinese/PageN.php
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 Search for “Vector-like” Quarks at LHC  

Peskin, LP’11, pp. 113-114 

NTUCMS ! NTUCMS 

Lead 

Actually, I don’t like cancell 

-ation mechanisms,  

 “Exclude triangles, not points”, Peskin slogan, 3/2012 

but this study has to be done, 

e.g. 

ongoing 

http://www.ntu.edu.tw/chinese/PageN.php
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Kobayashi slides 

J seems short by at least 10-10 

Touch CPV (of Universe) only Briefly 

http://www.ntu.edu.tw/chinese/PageN.php
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 My own busy slide 
 from ICHEP2010 
 (and ICHEP2008). 

 
 Point is,  

great gain in CPV  
from 3G means 

 

 CPV-4-BAU 

 CPV4BAU ?  

●  4G does not take anything that did not exist in SM 

WSH, CJP 47 (2009) 134 
 [arXiv:0803.1234] 

http://www.ntu.edu.tw/chinese/PageN.php
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 Conclusion 

●  From empirical nature of Yukawa Coupling, lQ, a Gap Eq.  

    is built thru Goldstone (or VL) exch. with 4G quark Q.  

    Numerical solution is found, giving  

                      lQ  above 10 !!  
   

    which, in principle, can replace usual Higgs Condensation, 
 

    and implies 4G masses in 2-3 TeV Range. 

●  The new 126 GeV Boson poses difficulties for 4G. 
   

    It would have to be a Dilaton ... 

                  [Our Gap Eq. is nominally Scale-invariant !] 

 lQ  ≳  4p 

 Let’s wait what Nature reveals to us, thru the LHC  

●  Existence of 4G could enhance CPV3 by 1000 trillion+; 
  

    CPV-4-BAU exponentiates further the motivation. 
   

[~ p-p] 

➙  Boundstate Resonance Production w/ Decay into Multi-VL (backup slide) 

D 
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●  Gap Eq.:  Integrate over q2,  but need L < 2mQ for G to remain Goldstone 
  

                        ➜  L cannot be taken arbitrarily large 
  

    This raises                     to                        , 
  

    OR 

q2 

●  Can this be made Lower?  

Pion-Nucleon very analogous ! 

 Gap Equation:  Yukawa “Bootstrap” 

Perhaps: 

Yes, other tight Bound States   ➜  

~ NJL  (but much q-dep.) 

Enkhbat 
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●  Gap Eq.:  Integrate over q2,  but need L < 2mQ for G to remain Goldstone 
  

                        ➜  L cannot be taken arbitrarily large 
  

    This raises                     to                        , 
  

    OR 

q2 

 Gap Equation:  Yukawa “Bootstrap” 

●  Put back the light Higgs (126 GeV close to 80 GeV) ?  
                                      ~ 1.4 
   

  ➜                                ➜         

                                      ~ 13.7 ! 
   

  ➜                                ➜         
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 Possible Phenomenology:  QQ  →  nVL  

An Intriguing Analogy 

➨ 

Example 

WSH, PRD’2012 [arXiv:1206.1453] 

data 
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