
The LHC, The Energy Frontier, and 
the Next Big Discovery

Shih-Chieh Hsu
University of Washington Seattle/National Tsing 

Hua University

Nov 27 2013
Colloquium in NTHU

1

Friday, December 6, 13



2

Snowmass & P5
ParticlePhysicsProjectPrioritizationPanel(P5)
• Develop an updated strategic plan for U.S. high energy physics that can be executed over a 
10-year timescale, in the context of a 20-year global vision for the field. 
•Previous report in 2008
•New report to be finalized on May 2014 and based on the Snowmass input
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Exciting year 2012
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Much	
  has	
  changed	
  since	
  2008	
  P5	
  Report
•	
  “...	
  a	
  need	
  to	
  understand	
  the	
  priori9es,	
  ...	
  under	
  more	
  stringent	
  budgets	
  ...”
•	
  “the	
  recent	
  discovery	
  of	
  what	
  appears	
  to	
  be	
  the	
  long-­‐sought	
  Standard	
  Model	
  Higgs	
  
boson	
  and	
  the	
  observa9on	
  of	
  mixing	
  between	
  all	
  three	
  known	
  neutrino	
  types	
  at	
  
unexpectedly	
  large	
  rates	
  have	
  opened	
  up	
  the	
  possibility	
  of	
  new	
  experiments	
  and	
  facili9es	
  
that	
  can	
  address	
  key	
  scien9fic	
  ques9ons	
  about	
  the	
  fundamental	
  nature	
  of	
  the	
  universe	
  in	
  
new	
  and	
  incisive	
  ways.”

Phys.Lett. B716 (2012) 1 - ATLAS
Phys.Lett.B716(2012) 30 - CMS

Phys. Rev. Lett. 108, 171803 (2012)

Daya Bay
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Higgs Celebration

François Englert Peter W. Higgs
4
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LHC after July 4 2012
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LS1
INCREASE	
  ENERGY	
  TO	
  13-­‐14	
  TeV

LS2
secure	
  L	
  ~	
  1034	
  and	
  reliability
Aiming	
  at	
  L	
  ~	
  2	
  1034	
  Start	
  LIU

LS3	
  :	
  HL-­‐LHC	
  New	
  IR
leveled	
  L	
  ~	
  5	
  1034	
  Experiment	
  upgrades
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LHC in Next 20 years!?
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3000 fb-1

33 TeV

My talk today focus on LHC and preparation for 2018

LS1/2/3
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TLEP
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Stage approach toward (V)HE-LHC at CERN 
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Other names
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Super Duper Hadron Collider
Ludicrously Large Hadron Collider
Space Smoothie Maker
Big Banger
Quark Fountain
The Doughnut of Physics
Megahadrosaurousen
Huge Hadron Collider
Large Hadron Collider 2:
Electric Boogaloo
The Hadronator: The Destroyer
of Atoms

BBC  Richard Fisher

Nature
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Global Interests
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Director: Nima Arkani-Hamed (IAS, USA) 
Deputy Director: Cai-Dian Lu (IHEP, China) 

USA

China
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From Layman
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LHC Collision via Michael Taylor/ Shuttershock
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Thousands year curiosity
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The Standard Model
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François Englert Peter W. Higgs
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A Massive Problem!?
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A quest since 18th century
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Mission of the LHC
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Mission of the LHC
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Mission of the LHC
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Higgs
Discovery
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Post-Higgs Discovery
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Scenario	
  1:	
  Strongly	
  dynamics
	
  	
  	
  NO	
  HIGGS	
  PARTICLE:	
  HIGGSLESS	
  MODEL	
  (almost)	
  killed	
  by	
  LHC
	
  	
  	
  Possibly	
  a	
  mixture	
  between	
  authen@c	
  Higgs	
  with	
  the	
  “impostor”,	
  e.g.	
  dilaton,	
  
radion

Scenario	
  2:	
  SU(2)LxU(1)Y	
  linear	
  +	
  strong	
  dynamics
	
  	
  	
  Composite	
  Higgs:	
  Pseudo-­‐goldston	
  boson,	
  strongly	
  interac@ve	
  light	
  Higgs

Scenario	
  3:	
  SU(2)LxU(1)Y	
  linear	
  +	
  PerturbaQvity
	
  	
  	
  Elementary	
  Higgs:
	
  	
  	
  	
  	
  a)	
  Fine-­‐tuned:	
  Unnature	
  Higgs,	
  	
  extreme	
  high	
  scale	
  fundamental	
  theory
	
  	
  	
  	
  	
  b)	
  Nature:	
  low-­‐energy	
  SUSY,	
  in-­‐existence	
  of	
  hierarchy	
  problem:	
  warped	
  extra	
  
dimension,	
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A Higgs or The Higgs
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Coupling strength: 5 parameters

Sping/CP: Need more statistics
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Natural Higgs
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Divergence of the Higgs mass correction
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Big Questions
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Warped Extra Dimension Search

23

KK W

New Physics at high mass scale! arXiv:1309.7847
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Boosted Objects

24

Many BSM predicts new particles at TeV scale decaying
to top, W, Z or Higgs final states.

Hadronic final states are merged into one jet due to
limited calorimeter resolutions.

BOOST 2013    Flagstaff, AZ Chris Pollard    Duke University 3

Motivation

� At high pT, heavy objects 
which decay hadronically are 
difficult to distinguish from 
background jets.

� The internal structure of a jet 
gives us useful tools for 
testing QCD and for 
searches for new physics.

� Several of these tools have 
been validated with 2011 
data, and many are currently 
being validated with data 
from 2012. ATLAS-PERF-2012-02

(arXiv:1306.4945)

arXiv:1306.4945

Friday, December 6, 13



Jet Grooming

25
James Dolen BOOST 2013

1 2

34

1 2

3

cluster with 
rfilt < R

keep nfilt

1 2

34

1 2

3

cluster with 
rfilt < R

keep pTi > pTfrac

4

veto soft and large 
angle recombinations

min(pTi,pTj)/pTi+j < zcut 
or dij > rcut×2m/pT

filtering

trimming

pruning

Slide from Nhan Tran

Jet Grooming

13
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N subjets
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BOOST 2013    Flagstaff, AZ Chris Pollard    Duke University 18

Jet Mass (nsubjets)

nsubjets = 2

nsubjets = 1

nsubjets = 3

- Nice peak at top mass in 3 subjet bin and
  at W mass in 2 subjet bin.
- Backgrounds mostly in 1 subjet bin.
- Recall: JMS uncertainty 4-5%

ATLAS-CONF-2013-084 All plots: pT > 350 GeV
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TopTagger Application
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Jet Substructure at Work: Searching New New Physics Searches

Searched Using Intrinsically Boosted Systems: t̄tpairs

Event selection and reconstruction 
Boosted topology 

BOOST2013 - Boosted tops in searches 14 Single lepton resonances 

•  Reconstruction 

•  Hadronic top: 4-vector of the « large-R » jet. 
•  Semi-leptonic top: highest-pT « small-R » jet (close to the lepton) combined to the lepton and the neutrino  
4-momenta (the latter derived from Et

miss and lepton kinematics with a constraint on the W mass). 

BOOSTED 
 
 
 
 

– Loïc Valery
Roman Kogler Search for heavy resonances decaying to top quarks

tt Resonances: All-hadronic

20

[CMS PAS B2G-12-005]

‣ mtt distribution after likelihood maximization

‣ overwhelming background from QCD dijet production (could be 
reduced using advanced b-tagging techniques on subjets)

‣ broad resonances from KK gluon excitations
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– Roman Kogler
The search continues for the benchmark models that, in part, started this
enterprise
See several updates of background estimations approaches and
systematic uncertainty reductions
Question for the future (and later on in this summary): When do we
hit the wall at high pTand Mt̄t?

D.W. Miller (EFI, Chicago) BOOST 2013 Workshop: Experimental Summary August 16, 2013 24 / 36
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New Analysis Techniques

28

ATLAS-CONF-2013-087
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Q-Jet: A new approach to parton shower

29

A typical jet clustering is to inverse the parton shower

arXiv:1201.1914
ATLAS-CONF-2013-087
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Q-Jet: A new approach to parton shower

30

A typical jet clustering is to inverse the parton shower

But the parton shower is not really invertible
Many parton shower can produce the same jet
Q-jet asks: study all possible inverse parton shower 
path.

arXiv:1201.1914
ATLAS-CONF-2013-087
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Q-Jet: A new approach to parton shower

31

A typical jet clustering is to inverse the parton shower

arXiv:1201.1914
ATLAS-CONF-2013-087

i j

Each combinatorial tree sequence is a representation of parton jet
Consider random combinatorial of trees

Friday, December 6, 13



Example Jets

32

Introduction Explaining the Analysis

Example Jets
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ATLAS Simulation Preliminary

W-jet
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QCD-jet

• A W-jet has a small spread in masses for its Q-jets: a QCD jet has a
very large spread in masses for its Q-jets

M. Swiatlowski Pruning and Q-Jets at ATLAS 13 August, 2013 10 / 23

Introduction Explaining the Analysis

Example Jets

Mass [GeV]

0 20 40 60 80 100

Q
-j
e

ts

0

100

200

300

400

500

600

700

800

900

1000

=0.0001α

=0.1α

jetM
pruned

jetM

W-jet Selection, Example Jet

 = 8 TeVs R=0.7 LC, tanti-k

ATLAS Simulation Preliminary

W-jet

Mass [GeV]

0 20 40 60 80 100

Q
-j
e

ts

0

100

200

300

400

500

600

700

800

900

1000

=0.0001α

=0.1α

jetM
pruned

jetM

Dijet Selection, Example Jet

 = 8 TeVs R=0.7 LC, tanti-k

ATLAS Simulation Preliminary

QCD-jet

• A W-jet has a small spread in masses for its Q-jets: a QCD jet has a
very large spread in masses for its Q-jets

M. Swiatlowski Pruning and Q-Jets at ATLAS 13 August, 2013 10 / 23

Introduction Explaining the Analysis

Example Jets

Mass [GeV]

0 20 40 60 80 100

Q
-j
e

ts

0

100

200

300

400

500

600

700

800

900

1000

=0.0001α

=0.1α

jetM
pruned

jetM

W-jet Selection, Example Jet

 = 8 TeVs R=0.7 LC, tanti-k

ATLAS Simulation Preliminary

W-jet

Mass [GeV]

0 20 40 60 80 100

Q
-j
e

ts

0

100

200

300

400

500

600

700

800

900

1000

=0.0001α

=0.1α

jetM
pruned

jetM

Dijet Selection, Example Jet

 = 8 TeVs R=0.7 LC, tanti-k

ATLAS Simulation Preliminary

QCD-jet

• A W-jet has a small spread in masses for its Q-jets: a QCD jet has a
very large spread in masses for its Q-jets

M. Swiatlowski Pruning and Q-Jets at ATLAS 13 August, 2013 10 / 23

Friday, December 6, 13



Q-Jet Volatility
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Data/MC agreements

34
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Telescoping-Jet
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Idea: jet algorithms with multiple R’s
Yang-Ting Chien arXiv:1304.5240

Close collaboration iwth Yang-Ting
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New Experimental 
Challenges

36
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Experimental Challenge
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ATLAS Pixel Upgrade

38

IBL
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FE I4: Largest HEP Chip

39

Friday, December 6, 13



IBLROD DAQ

40

Lynn Marx (UW physics postdoc) Shawpin (Bin) Chen (UW EE master)

My team is responsible for 
firmware/software 
development of the VME 
based Read Out Driver  to 
double readout speed!

IBLROD RevC
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PhaseII Upgrade: Design Consideration

41
ATLAS Week,  Oct. 11, 2013 – NWermes, Bonn 

Upgrade challenges for pixels  

ATLAS Phase II Letter of Intent 

outer 

Inner 

O
cc

up
an

cy
 [%

] 

Inner layers (r ~ 3 to 15 cm)  Outer layers (r > ~ 15 cm) 
1.  low power  
2.  low material budget 
3.  occupancy / bandwidth 
4.  resolution 

1.  low cost  
2.  low power 
3.  low material budget 
4.  resolution / bandwidth 

hybrid pixels (65nm) 
new sensor developments  

low cost hybrid pixels or monolithic pixels  
wafer scale processes are needed 

3 
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ATLAS Week,  Oct. 11, 2013 – NWermes, Bonn 

ATLAS Pixel R&D overview 

!  sensor materials  
"  planar Si sensors (PPS collaboration) 
"  3D Si sensors (3D collaboration and IBL coll.) 
"  CVD diamond (RD42 and DBM collaborations) 

!  IC development 
"  65 nm  # within RD53 collaboration 
"  3D integration (within AIDA framework)   

!  stave + powering + link 
"  mechanics R&D (stave: France, Germany, US, disks: UK) 
"  powering schemes (serial powering, DC-DC) 
"  GBT link  

!  new concepts 
"   towards more monolithic CMOS pixels  

         # HVMAPS and (fully) depleted DMAPS 
4 

IBL and DBM  
are the best sensor 

 test benches 

ATLAS Pixel R&D
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ATLAS Week,  Oct. 11, 2013 – NWermes, Bonn 8"

Target:"the"next"genera-on"ATLAS"pixel"FE"chip"""

!  Sensor'thickness'(planar'or'3D): " "100"–"150"µm">>"MIP"signal"~"10"ke>""before"irrad.""

!  Pixel'size: " " "" "~"25"x"150*"µm2"

!  Threshold: ' " " "~"1"ke>"

!  Threshold'dispersion: " " "~"100"e>"

!  Noise: " " " "<"200"e>"@"CIN*"="400"fF,"ILEAK*"="100"nA""

!  Power'dissipa<on: " " "3.5"mW"/"mm2"

!  Hit'rate: " " " "~"1GHz"/"cm2"=>"~"30"kHz"/"pixel"

!  Hit'loss: " " " "<"0.5"%""(rather"0.1"%)"

!  Radia<on'tolerance: " " "1"Grad,"2×1016"neutrons"

!  Technology: ' " " "65"nm""

M.#Garcia)Sciveres,##

Future"pixel"chips"design"mee-ng"19th"February"2013"
*"Parameters"which"are"not"yet"clear"""

The Next Generation

Friday, December 6, 13



44

First 65nm Prototyping
(LBNL, Bonn)

Sept 24, 2013 New RD53 Collabortion  -- M. Garcia-Sciveres 8

Why now: 65nm Test chip reminder

● Fabricated 2011, 3 x 4 mm^2

● ~500 pixel matrix, analog + configuration only (no digital region)

● Pixel size 25um x 100um (estimate 25 x 150 with digital region)

● Bump inputs staggered to maintain 50um bump spacing

● Irradiated in Los Alamos in 2011, CERN PS 2012, CERN x-ray 2013

● PMOS Transistor irradiation results shown before are from this chip 

2011 Test chip

radiation does effect is fine only upto 4MGy (Need 10MGy)
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RD53: Work Plan

Sept 24, 2013 New RD53 Collabortion  -- M. Garcia-Sciveres 10

Work PlanGoal is to have a full chip design in 65nm in 2-3 years.
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Detector R&D
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My Involvements
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pixel FEI4
(50x250um)
IBM130nm

80colx336row
400MHz max RDO
Largest chip to date

pixel FEI3
(50x400um)
IBM130nm

40colx160row
160MHz max RDO

CMOS MAPS
(25x50um?)

TSMC 65nm?
Rad Hard?
Cheaper?

NEW MONOLITHIC CMOS SENSORS ON A FULLY ISOLATED SUBSTRATE , year 2

A. Mekkaoui, D. Gnani, M. Garcia-Sciveres

15 Years ago all digital cameras used CCD image sensors. Today all digital cameras use CMOS 

image sensors. This success of monolithic CMOS image sensors as a viable lower cost 

replacement for CCDs in consumer products triggered a widespread interest in the potential 

use of these devices for scientific applications [1,2], and some experiments have already started 

to use them [3]. In FY13 we received LDRD funding to develop a new type of radiation tolerant 

CMOS pixel detector for use in high rate applications. We also received some end-of-year support in 

FY12, which allowed us to initiate design work early enough to meet an integrated circuit submission 

deadline in November 2012. A test chip was fabricated and received in February 2013, and is now 

under test. A photo of the FY13 prototype is shown in Fig. 1. Initial results show that the chip is 

functional and the pixels respond to illumination with an Am-241 radioactive source. Detailed, 

quantitative measurements of this prototype will proceed in the coming months. We have submitted an 

abstract to the 2013 International Image Sensor Workshop (IISW), which has been accepted. The 

purpose of the FY13 chip was to answer basic questions about use of the selected technology (130nm 

feature size CMOS) for sensing. The goal of this FY14 proposal is to allow one design iteration, in 

order to produce a device optimized for use as a detector, based on the results of the FY13 prototype. 

The reference standard for charged particle detection is  given by hybrid detectors, where  the sensor 

and readout electronics are separately produced components, interconnected by packaging. By 

producing the components separately, the sensor can be optimized for radiation tolerance and the 

readout integrated circuit (IC) for complex functionality. The main advantage of CMOS sensors as in 

this proposal is the integration of sensing on the same substrate as the readout electronics, which results 

in higher reliability, lower cost, and higher signal-to-noise due to the smaller capacitance that can be 

achieved in an integrated design. But two main challenges have prevented  the widespread use of 

CMOS sensors in radiation detection: a lack of radiation tolerance and difficulty integrating complex 

functionality along side the sensing capability. 

NEW MONOLITHIC CMOS SENSORS ON A FULLY ISOLATED SUBSTRATE 1

Fig.1: Photo of test chip submitted in November 2012 and received February 2013. The chip is  

approximately 4mm wide. The pixel matrix structure is visible in the top half of the image, where  

18 columns can be counted. Each column contains 64 pixels.  

test chip
T3MAPS

T3MAPS DAQ systemIBLROD DAQPixelROD DSP
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Summary
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• The LHC
  Fully exploration of TeV scale physics

• The Energy Frontier 
  Go beyond TeV Scale

• The Next Big Discovery 
   To be enabled by new techniques 
   + brave thinkers!
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Backup

49
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Backup
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