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Summary ARNOWITT-LINE3 

1) PHENO Projects 
2) PPC 
3) Chasing DM Signals 

Prologue 
It has been 13.8 B years, since the LHC 
machine was set up. The LHC started taking 
data from proton-proton collisions at a 
center-of-mass energy of 7 TeV on March 
30, 2010 and became the energy frontier 
machine to lead to discoveries such as 125-
GeV Higgs boson in July 4, 2012).  
 
The Standard Model is currently well tested 
up to ~100 GeV, but is expected to break 
down in the TeV domain where new physics 
should occur. This is precisely the domain 
that we will study at the LHC. 

PPC Cube 
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Our PHENO projects have begun  with his simple 
questions:  
(a) how well mSUGRA models can be tested 

experimentally; 
(b) how cosmologically-consistent collider signals can 

be determined.  

[1] PHENO Projects 
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This also helps us shaping up ideas of accelerator 
upgrades in the U.S. 
 
The choice of PHENO project topics has been evolving as 
major scientific events occurred: 
 
i) SSC was cancelled in 1993 
ii) WMAP results were out in 2002. 
iii) The Higgs boson was discovered in 2012. 
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PHENO projects continue… 

1. SSC was cancelled in 1993  2 paper, 2 WG Reports, 1 Pre-print 

2. WMAP results were out in 
2002  

8 papers 

3. The Higgs boson was 
discovered in 2012  

10 papers 
 

4. 13-TeV LHC Run in 2015  Counting …  



He wanted to listen to most recent results from 
both sides at the same conference. This is how 
we started International Workshop on the 
Interconnection between Particle Physics and 
Cosmology (PPC). 

[2] Interconnection between … 
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“Interconnection” between particles and dark matter 



Interconnection between Particle Physics and Cosmology 

PPC 2011 at CERN, June 14-18 
PPC 2012 at KIAS, Korea, Nov. 5-9 
PPC 2013 at CETUP*, SD, USA, July 8-13 
PPC 2014 at Univ. de Guanajuato, Mexico, June 23-27 
PPC 2015 at CETUP*, SD, USA, June 28 - July 3 
PPC 2016 at Brazil 
PPC 2017 at ??? 

PPCs 

PPC Cube 
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CBS comedy “Big Bang Theory” 

(Season 1 Episode 15) 

Outreach: Big Bang Theory 
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The poster was designed during 
lunch meetings with him… 



He was always chasing the signals of models. The 
story began with the Tevatron. However, the 
LHC changed a landscape of how to search new 
physics. It is a BIG thinking machine.  

[3] ET Collaboration & DM Signals 
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Experimentalist-Theorist (ET) collaboration  
helps to solve the “dark matter” puzzle. 

Even my daughter was influenced, 
and drawing “Texas-style SUSY 
hunting” in 2007. 



My advisor, Kunitaka Kondo, was smiling and exciting, by 
saying “Kamon-kun, there is an interesting theory.” It 
was “Supersymmetry”. But I didn’t pay attention much 
until 1990’s. 

1980’s 

 Supersymmtery at Snowmass workshop (1982) 
 A.H. Chamseddine, R. Arnowitt, and P. Nath, PRL 49 

(1982) 970; R. Arnowitt, A.H. Chamseddine, P. Nath, 
"The Development of Supergravity Grand Unification: Circa 
1982-85", Int. J. Mod. Phys. A27 (2012) 1230028 

 October 1986: First p-pbar collisions at 1.6 TeV 
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R. Arnowitt and D. Nanopoulos suggested to search for 
“tri-lepton” events as a SUSY signature at the Tevatron. 

1990’s 

 Possible indication of grand unification with MSSM based on LEP 
data:  
 The LEP Collaborations, "Electroweak Parameters of the Z 

Resonance and the Standard Model, PLB 276 (1992) 247. 
 Ugo Amaldi, Wim de Boer, Hermann Furstenau, "Comparison of 

grand unified theories with electroweak and strong coupling 
constants measured at LEP," Phys. Lett. B 260 (1991) 447.  

 
 My first SUSY analysis at CDF 

 
 SSC was cancelled (‘93)  DiTevatron (PRD 50 (1994) 5676)  

Tripler (‘01) 
 

 March 1995: Discovery of top quark 
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Phys. Rev. D50 (1994) 5676  
Luminosity vs. Energy 

US Rep.(D-IL 
11th District)  



R. Arnowitt and B. Dutta suggested (i) Bsmm search at 
the Tevatron (2002); (ii) stau-neutralino coannihilation 
search at the LHC (2004). 

2000’s 

 WMAP results (2002)  WDM = 23% 
 Pheno papers (2002, 2006, …) 

 
 My first B physics paper at CDF (2004) 

 
 December 2005: Joined CMS 

 
 June 2007: International Workshop on the 

Interconnection between Particle Physics and 
Cosmology. 
 

 September 2008: First Beams in the LHC 
 November 2009: LHC’s First 900-GeV pp 

Collisions 
 My first stau-neutralino paper at CMS (2013) 
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A Story of Rare Bs Meson Decay 

b  t 

s  t 

PLB 538 (2002) 121  

Teruki Kamon 15 Hunt for Dark Matter 



1st Round 
Analysis 

PRL 93 (2004) 032001 

First 2-side 90%CL Limit 

SM Expectation 

PRL 93 (2004) 032001 
PRL 95 (2005) 221805  
PRL 100 (2008) 101802 
PRL 107 (2011) 191801 
PRD 87 (2013) 072003 

PLB 538 (2002) 121  

170 pb-1 ~ 8.5 x 1012 collisions 

2002  2013 
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2011.07.13 

PRL 107 (2011) 191802 

PRL 107 (2011) 191801 
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CDF 

CMS (7 TeV) 



2013.09.05 
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No Hint of SUSY- I Cry. 

PRL 111 (2013) 101804 



No hints of SUSY. SUSY (gluino and 1st/2nd gen. squarks) 
seems to be heavier than ~1.5 TeV. 

2010-2014 

A0 

 March 2010: First 7-TeV pp collisions 
 

 December 2011: 3-sigma evidence for 
Higgs boson; no hint of SUSY 

 July 2012: 5-sigma observation; still no 
hint of SUSY 
 

 Sep. 2013: Strong evidence for Bs  mm 

 
 Lightest (?) scalar top quark (stop) 
 Compressed chargino/neutralino mass 

spectra 
 SUSY Higgs bosons 

 
 Connection to the dark matter 
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He asked me one thing in 2006: “Teruki, how soon ATLAS 
and CMS can publish their first papers after the LHC 
turns on?”.  
 
I answered: “It will take 2 years”. I was damn wrong.  

Race to Discover SUSY at 7 TeV 
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LHC/ATLAS/CMS Timeline 

2008.09.10 First beam circulations 

2009.11.23 First pp collisions at 900 GeV 

2010.03.30 First pp collisions at 7 TeV 7-TeV pp program 
ended on Oct 29 (Fri) 

2011.03.28 PRL 106 (2011) 131802 ATLAS MSUGRA/CMSSM 

2011.04.06 PLB 698 (2011) 196 CMS CMSSM 

2011.06.01 PLB 701 (2011) 186 ATLAS MSUGRA/CMSSM 

2011.08.31 JHEP 08 (2011) 155 CMS CMSSM 



“Number” density (nDM)  WDM 

Cross section (s) 

SUSY Masses (at the LHC) 

Cosmological Connection: Wc1
0 ≟ WDM  
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Wc1
0 ≟ 27% 



A Story of Coannihilation 
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March 2004: When the ILC coannihilation "2tau" analysis (last presented at 
ICHEP2004; published in PLB 618 (2005) 182) was near complete, we (R. Arnowitt, 
B. Dutta, T. Kamon) started thinking of a possibility of detecting the 
coannihilation signal in "3tau" at the LHC. The idea was to capture two c2

0's in the 
final state.  PLB 639 (2006) 46; PLB. 649 (2007) 73; PRL 100 (2008) 231802 



2004  2013 
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No Hint of SUSY- I Cry. But… 

CMS: EPJC 73 (2013) 2283 

PHENO papers: 
PLB 639 (2006) 46;  
PLB. 649 (2007) 73;  
PRL 100 (2008) 231802 



2011.12.13: Preliminary Results 
Delivered by LHC : 5.72 fb-1 

Recorded by CMS : 5.20 fb-1 

(about 92%) 

High quality data :  4.7 fb-1 

 (~350 trillion collisions) 
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Keep in mind they are preliminary results; 
Keep in mind they are small numbers; 
Keep in mind we will run in the next year. 
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2012.07.04: After 48 Years of … 

After 48 years of postulate, … 
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Where will more new particles be discovered ? 

How about the dark matter particles ? 

World “Discovery” Map 
Spin-1/2 Fermions 

quark, c, t c, nm 

b, top, nt 

gluon 

W, Z, h 

Spin-0,1 Bosons 

m(nm)  0  
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 Long-term Planning 
 

 
 
 
 
 

 Now 
o Vector Boson Fusion [PRD87 (2013) 035029] 
o MonoX in Nonthermal DM Model [PRD89 (2014) 096009] 

 

 Connection to the dark matter? 

I hope we see any sign of SUSY before my retirement… 

2015 and Beyond 
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Energy Frontier Challenge 

Teruki Kamon 

Future Collider 

E 

Tevatron 

Precision 

LHC 

Hadron Collider  
(s ) 

Gluino/Squark  
Mass Reach (M) 

M/s  

Tevatron (2 TeV) ~400 GeV 0.20 

LHC (8 TeV) ~1.7 TeV 0.21 

LHC (14 TeV) ~2.8 TeV* 0.20* 

FCC (100 TeV) ~20 TeV* 0.20* 

Peter has been putting forward ideas 
of energy upgrade of the accelerator. 
Dick was always enjoying with physics 
discussion: 
[1994] 4 TeV p-pbar Collider 
[2001] 6 TeV p-pbar Collider 
 
[2014] The history repeated. He is now 
proposing 100-300 TeV pp Collider. 
 Understanding the limitations at 

the LHC14 will be an important 
step for FCC100pp 

A 100-TeV collider is 
powerful in producing 
heavy objects. 

(*) just use a naïve scaling 
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270 km x $3000/m = $810M 

http://arxiv.org/abs/1402.5973 

100-300 TeV pp Collider 
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P. McIntyre 
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                     MENU 
               ~SPECIALS~ 
*Dark Energy Power Drink .. $68 

- Chef ’s choice 

- (major puzzle) 
 

*Dark Matter Sandwich …… $27 

- Neutral, long-lived 

   

   

*Atomic Soup ………………. $5 

- All elements in one 

 

No, Sir. But with 
neutralino? 

I am hungry. Can you make 
the DM sandwich with any 
Standard Model particle? 

Epilogue: Hunt for DM Hint of DM 
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Discovery of Dark Matter in 20**? 


