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How many physicists does it take 
to discover a new particle?  

The Higgs Boson and Big Science

Sarah Eno, U. Maryland 
MASP lecture



4 July 2012
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CERN Auditorium: announcement of a new particle

8 October 2013



Two Experiments
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CMS

ATLAS



Each with a paper
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Discoveries are made by people, not by detectors.



CMS: Discovery courtesy of:
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2892 authors from 168 institutions
This is just the CMS paper.  There is a similar list for ATLAS.



Outline
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• What is the Higgs boson?
• How do we know that it was created in proton-proton 

collisions at the Large Hadron Collider
• What do all those people actually do?



Particle Fever
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Assistant Professor 
Alberto Belloni



What is a Higgs Boson?
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Before we talk about the Higgs, let’s think 
about forces
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Is it this?

Particle physicists think of it as this:

Matter:
Quarks (protons)
leptons (electron)

Force boson

matter

Some more force 
bosons

Sarah Eno, MASP lecture



Only four of them, each with a “boson”
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Electricity and Magnetism (QED)

photon

Strong Force (QCD)

gluon

Weak Force

W&Z bosons
  1
1H + 1

1H ® 1
2H + e+ +n

http://www.dreamstime.com/powerplant-infrastructure-stock-photo-imagefree242420Sarah Eno, MASP lecture
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Fourth is gravity, but since its effects are 
negligible when considering particle 
collisions at accelerators, I’ll ignore it.  



1970’s: Standard Model
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First generation makes up “our world”.  
Two heavier copies also exist.

A few fundamental particles 
and a mathematical theory 
that describes their 
interactions called a “gauge 
invariant quantum field 
theory”.



To Understand the role of the Higgs, need a 
little formal theory

Dirac Equation
– 1928 - Electricity and Magnetism and Quantum Mechanics 

and Relativity
– Predicted anti-matter
– First instance of theory predicting a fundamental particle

20

Gauge-invariant quantum field theory: Fock, London, Pauli 
in 1940’s.  Schwinger, Feynman, Dyson, Tomonaga, 
Wilson and others in 1950’s.  

Discovery of 
positron by 
Anderson, 1932
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Gauge-Invariant Quantum Field Theory
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A : gluons

Ψ: quarks with color index i,j running from 1-3

λij,fabc : SU(3) isoscalar factors and representation matrices

1 parameter theory -> αs

Lagrangian for the strong force in Gauge-Invariant Quantum Field 
Theory based on a symmetry called SU(3):

20 May 2014 Sarah Eno, MASP lecture



QED: the theory of electricty
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Feynman

Sarah Eno, MASP lecture



QCD: the strong force
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Politzer, Wilczek, Gross

Sarah Eno, MASP lecture



QED and QCD
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• Theories are similar.
• And both predict their boson (photon and gluon) are 

massless.  
• The particle responsible for gravity (graviton) also seems 

to be massless.

Sarah Eno, MASP lecture



The Sun
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u Wd de 

Important to the fusion reaction 
that powers the sun

http://www.nobelprize.org/nobel_prizes/themes/physics/fusion/
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Weak Force
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Predicts W and Z should be massless.

But their weight is 100x that of a proton!

Sarah Eno, MASP lecture



Higgs Boson
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• Higgs boson interacts with fundamental particles that 
have mass

• Interact more strongly with heavier particles

Sarah Eno, MASP lecture

Higgs and Englert



The smoking gun
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How do we know that Higgs bosons were 
produced at the LHC?



What exactly is shown here?
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Higgs Production, Decay 
and Detection in Proton 

Collisions
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The LHC
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 proton-proton collider, design center-of-mass energy √s =14 TeV
(factor 7x higher than the Tevatron),  Higgs discovery data was at 7 
and 8 TeV (3.5x Tevatron).  Soon to run at 13 TeV
 circumference of 27 km (16.8 miles)
 cost of about $3B? (depending on accounting method, conversion rate, etc)



When beams collide…
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Particle Production
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We see all the particles of the standard model.

One out every 
3,000,000,000 collisions 
contains a Higgs.



Detected in a detector
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Event Visualization
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γ1= 86 GeV

γ2=56 GeV

Jets candidate W boson candidate

top-antitop candidate Higgs candidate



How is it made?  Why is the 
production rate so small?
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Higgs “couples” to heavy 
particles.  Unfortunately, the 
proton is full of light particles.



Higgs decay

37

126 GeV is a 
particularly luck 
mass.
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m(Higgs)=125 GeV

Decay
Particle Mass 
(GeV) BR(%)

bb 4.5 57.7

ττ 1.8 6.32

cc 1.3 2.91

μμ 0.1 0.022

WW 80 21.5

gg 0 8.57

ZZ 91 2.64

γγ 0 0.23

Zγ 0.15



Higgs to ZZ
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• Look at all the collisions recorded by the 
detector during the run

• See which ones contain 
• 4 electrons or 
• 4 muons or 
• 2 electrons and 2 muons

• Measure the energy and momenta of each of 
these particles

• Calculate the variable given above
• Make a histogram of the results

Voilà!



Why are so many needed to make 
this plot?
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It wasn’t always like this

AMY, 1988, 102 Authors, 18 ft high

DØ, 1994, 351 
authors, 28 ft 
high

CMS, 2007, 2892 authors, 48 ft
high
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I’ve been on experiments that were looking for the Higgs boson my entire career.

Sarah Eno, MASP lecture



Detectors used for particle discoveries have been 
similar since the 1970’s
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Mark I detector at SLAC.  
Discovery of charm and tau 
(1974): 40 authors, 2 institutions



2892 authors,168 institutions
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n.b.: this 
authorship list is 
slightly larger 
than that of a 
typical paper

• Have been a member for a year
• Institute paid M&O A and B (doctoral students exempt)
• Six months of ESP yourself to qualify
• Your institution must satisfy ESP requirements each year



These obviously were hard to build.  
Somebody had to carry all those bricks.
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However, construction on the LHC and its detectors finished in 2008 
and the Higgs was discovered in 2012. 



How many people work at CERN?
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About half

While it is true that you do can not be on this list until your satisfy 
“authorship requirements”, about half are:

• Students in the writing phase of their thesis
• Students and postdocs have graduated but still get to keep their 

names on the paper for one year after leaving the collaboration 
(longer for those who participated in the building of the experiment).

• Formerly active faculty who are now deans, lab directors, etc.
• People who are working on retooling their skill set so they can be 

active in a different area.

So now we are down to 1400  “active” members.



PhD students
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Of these, about 30% are Ph.D. students
• Roughly 400 students, 1000 PhDs.  Roughly two supervisors per student.
• Some of what all those authors are doing is training students in a mentor-rich 

environment.  Being in a big collaboration is a bit like being in a small, intense, 
single-purpose college.

• 400 students distributed over 4 years (first year they are not authors) yields about 100 
theses per year)

• Most will get jobs in industry.

Mentor-Rich 
environment



MD and CMS
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Physics
Faculty 
• Andris Skuja
• Nick Hadley
• Drew Baden
• Sarah Eno

PhDs
• Dick Kellogg
• Ted Kolberg
• Josh Kunkle

Graduate students 
• Ellie Lockner
• Malina Kirn
• Ken Rosatto
• Dinko Ferencek
• Brian Calvert
• Kevin Pedro
• Chris Anelli
• Young Ho Shin

Chemistry
Faculty
• Alice Mignerey

PhDs
• Marguerite 

Tonjes

Graduate students
• Ying Lu
• Jaime Gomez
• Chris Ferraioli
• Owen Baron



Big state university built on the cheap
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Physics Chair
Drew Baden



CERN Summer Undergraduate 
Student Program
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Early July – mid-August (13 weeks)
Formally for member-state students, but non-member-state students 
can attend if sponsored through one of the programs described later.

The U.S. is not a member state.

https://ert.cern.ch/browse_www/wd_pds?p_web_site_id=1&p_web_page_id=5836&p_no_apply=&p_show=N



Famous lecture series
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Michigan REU Program
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NSF, U. Michigan, Ford Motor Co.
http://www.nsf.gov/discoveries/disc_summ.jsp?cntn_id=100711
&org=NSF

http://www.um-cern-reu.org/Since 2001 has sent O(15) 
undergraduates from a variety of US 
institutions to CERN for the June and 
July. Currently run by my Ph.D. student 
Junjie Zhu



At individual Universities
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• all member universities provide research opportunities at their 
own institution for their own undergraduates
• most participate remotely, from their home institution
• some go to CERN for the summer
• typically 1-5 undergraduates/institution

Map of U.S. institutions associated with CMS
Map of U.S. institutions associated with ATLAS



MD Undergraduates
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Maryland (especially Physics Chair Drew Baden) has sent many students to CERN 
during the summer or had them work here in our lab on CMS.

Jeff Calderon
Mahnegar Amouzegar
Julie Schnurr
Zishuo Yang
Guillaume Cheron
Julie Rose
Erin Uhlfelder
Nicholas Zube
Oliver Pierson
Joseph Mariano
Katie Hergenreder
Uchenna Chukwu
Hannalore Gerling-Dunsmore
Noah Mandell
Roland Jeannier
Michael Kossin
Ethan Cowan
Jonathan Wonders
Issac Carruthers



Staying at CERN
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85 Higgs theses; 35 since 2012 

All the Ph.D. students have their name on the 
paper.  Did they all write theses on the higgs?



Paper with theses
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35 papers
15 before discovery



most of our papers aren’t on the Higgs
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MD works on 
Exotica, 
Supersymmetry, 
Standard 
Model, and 
Heavy Ions.



So, if only 35 students and their 
“70 mentors” worked on the Higgs 
why do all those people get to be 

on the paper? 

20 May 2014 Sarah Eno, MASP lecture 58



Maybe if we look at a list of meetings
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Maybe the org chart will help?
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• The organization of a large physics collaboration is fairly byzantine.
• It is related to the large number of nationalities and funding sources.
• There tend to be parallel structures.

• To organize work
• To discuss money with national funding agencies
• To discuss cooperation between those with money
• To do “good deeds” (unfunded work that would be nice to get 

done and that helps nobody get promotions)
• Somehow, despite its baroque-ness, in the end, it manages fairly 

well.

We rank ourselves by our fancy titles.



Guns, Germs, and Steel
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1997



Guns, Germs, and Steel
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AMY D0 CMS



A CMS Org chart
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• This one is to organize different kinds of work.  Here you can see the lists different 
kinds of work that need manpower, and who is responsible for organizing that work.

• There is often little contact between these people and those actually “working”.
• Only the top person in the red box is elected.  The rest are appointed in agreement 

with the management board. (top grey box)
• All members of CMS also belong to one of the bottom grey boxes.  This makes it 

tough for the green boxes, aside from “physics”, to get manpower.



Spokesmen
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1992-2006

France Britain

USA Italy

2007-2009

2010-2013 2013-present

Michel Della Negra
Sir Jim Virdee

Joe Incandela Tiziano Camporesi



Running a big detector
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Let’s look at this box



shifts
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24/7 (but not past December)
• Check that all subdetectors are operating correcting
• Raise/lower the voltages as appropriate for beam 

conditions
• Give feedback to accelerator operators on beam 

conditions at the experiments



shifts
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During 2012 run
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49 shifters/shift x 3 shifts/day = 147 shifters/day 



now
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Still have 30x3=90 shifters even though there is no beam.
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Activity in the pit
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• Completion of the design for 1x1034cm-2s-
1

– Muon endcap system
• ME1/1 electronics (unganging)
• ME4/2 completion of stations & shielding

– Tracker
• Prepare for cold operation (-20oC coolant)

• Address operational issues in Run 1
– HF photo-detectors

• Reduce beam-related background
– HO photo-detectors

• operation in return field:  replace with 
Silicon PhotoMultipliers (SiPM)

• Preparatory work for Phase 1 Upgrades
• New beam pipe and “pilot blade” installation 

for the Pixel Upgrade 
• New HF backend electronics - ahead of 

HCAL frontend upgrade
• Splitting for L1-Trigger inputs to allow 

commissioning new trigger in parallel with 
operating present trigger

ME1/1 ad ME4/2 consolidation during LS1

Slice test: mTCA BE electronics for 
HF
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MD during LS1
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Assistant Professor Alberto Belloni, Postdoc 
Josh Kunkle, Graduate student Chris Anelli



Reconstructing the data
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Let’s look at this box



LHC Computing
• Billions of recorded collisions to the 

experiments ~ 100 PB of data stored at CERN
• The Worldwide LHC Computing Grid (WLCG) 

provides compute and storage resources for 
data processing, simulation and analysis ~ 
300k cores, ~200 PB disk, ~200 PB tape

• The data and simulated data needs to be 
reprocessed multiple times as new calibrations 
and algorithm become available.

20 May 2014 Sarah Eno, MASP lecture 74

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=jg57AEGNYdPUUM&tbnid=kDY_qMy09EaWbM:&ved=0CAUQjRw&url=http://wlcg.web.cern.ch/wlcg-google-earth-dashboard&ei=0Pc6UtmHF6qV0AXjxYHgCw&bvm=bv.52288139,d.bGE&psig=AFQjCNG_F-ZmhgnU2FnMnJvH95mF-ENC2A&ust=1379682599546987
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=jg57AEGNYdPUUM&tbnid=kDY_qMy09EaWbM:&ved=0CAUQjRw&url=http://wlcg.web.cern.ch/wlcg-google-earth-dashboard&ei=0Pc6UtmHF6qV0AXjxYHgCw&bvm=bv.52288139,d.bGE&psig=AFQjCNG_F-ZmhgnU2FnMnJvH95mF-ENC2A&ust=1379682599546987


Tier 1 computing
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Our computing is spread over the world.
Most of our collaboration is not at CERN.



Tier 1
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FRANCE

Bristol Italy

Taiwan



Tier 2: USA
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NEBRASKA



UMD: Tier 3
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R510 nodes



10 Tbytes/day
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Recent jobs
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Data reprocessing
Simulations for upgrades
Simulations for run this spring
Physics analysis from last run

We are preparing the data samples for 
the upcoming run, which will start in 
the spring.



Detector Work
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Let’s look at this box



Complex Detector
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55 million channels
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55,000,000/1400=40,000 channels per active collaborator



HCAL
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Detailed Detector Work
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• The lower levels in these boxes actually work directly with workers
• Since this is the HCAL box, many MD or former MD
• You can start to see from these boxes what the people actually do.
• Several hundred people doing something.  Strong division by nationality 

and national effects.

Project Manager: Pawel de Barbaro 

Deputy PM: Paolo Rumerio 

Institution Board 
Chair: J. Freeman 

Deputy: A. Zarubin 

Detector Performance Group 
(DPG) 

 
S. Abdouline (co-leader) 
O. Kodolova (co-leader) 

A. Apresyan (deputy leader)  

HCAL Project Organization in   2014 
HCAL Executive Board: 

Level 2’s 

 
Advisory Board 

I. Golutvin, A. Skuja,  
J. Spalding,  

F. Chlebana,  
L. Sulak, S. Katta 

S. Dugad, Y. Onel, 
D. Baden, J. Mans 

Resource Manager: 
Erhan Gulmez 

HF FrontEnd Upgrade 
 

Ulrich Heintz (leader) 
Gilvan Alves  (deputy)  

Coordinators: 
Jane  Nachtman (US) 

Erhan Gulmez  (Turkey)  

Phase2  Upgrade 
 

Taylan Yetkin (HF co-leader) 
Igor  Golutvin (HE co-leader) 

Petr Moisenz (deputy) 

HBHE FrontEnd Upgrade 
 

Chris Tully (leader) 
Vitali Smirnov (deputy) 

Jim  Hirschauer (deputy) 

BackEnd Upgrade: 
 

Manoj Sharan (leader) 

 Yuichi  Kubota (deputy) 

HF Group 
 

Yasar Onel (leader) 
Burak Bilki (deputy)  

HO Group 
 

Shashi. Dugad (leader) 

Installation and 
Commissioning 

Group(I&C) 
 

Slawek Tkaczyk (leader) 
A. Kaminskiy (deputy) 
Sub-det responsibles: 

Beni Lutz  (HO)  
I. Schmidt (HF)  

Lumi Group 
 

Dan Marlow (leader)  

Castor Group 
 

Ralf  Ulrich (co-leader) 
Wim Beaumont (co-leader)  

ZDC Group 
 

Michael Murray (leader)  

Color codes: 
 
Brazil (1)  

Germany(2) 
Belgium (1) 

India(2) 
RDMS(5) 
Turkey (2) 

US (17) Last updated:  Mar-04-2014 

Operations Group (OPS) 
 

Ted Kolberg (leader)   
Pavel Bunin (deputy) 
Seth Cooper (deputy) 

Phase2 Technical Proposal 
editors 

 
Alberto Beilloni (co-leader) 

Vladimir  Gavrilov (co-leader)  

Electronics Coordinator: 
 T. Grassi 
Deputy: G. Martinez 

Field Technical Coordinator, 
Safety Link Person  
and RP Liaison: A. Kaminskiy  

Online SW group 
 

Chris West (leader) 

 Nicole Ruckstuhl 

(deputy) 

HF BE integration 
Ted Laird 

(coordinator)  



Gain determination

• The presence of dark counts allows a fit to the 
pedestal charge distribution to determine:
• Gain: Difference between the charge of the 0 and 

1 avalanche peak
• Dark Count Rate: Average number of 

avalanches per event
• Cross-Talk Rate: Rate that avalanche 

in one SiPM causes another avalanche 
in the same SiPM

[The fit details can be found in backup]

86

SiPM Pedestal

Charge Distribution

0 Avalanches

1 Avalanche

2 Avalanches

≥3 Avalanches

Not included
in the fit

20 May 2014 Sarah Eno, MASP lecture



Relative Gain Variation vs. 
Time

• Stability of gain is monitored over the period of time 
• Example: 

Relative gain variation for
18 channels of one 
of the readout 
modules
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Example: one readout module

Relative variation in Gain:

Gain -Gainref

Gainref



Temperature Stability

• The SiPM properties are temperature sensitive and Peltier cooling is used 

to stabilize temperature for each readout module

– Desired goal for thermal 

conditions for optimal 

SiPM operation is 

achieved:

within ±0.1 deg C
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What all these people buy
• Speed
• A perfectly calibrated detector on day 1

20 May 2014 Sarah Eno, MASP lecture 89

Peak at 86 GeV.

Run Aug – Oct 92.  Some plots from 
a Nov 92 talk  right after D0 startup 
(Madaras)



“Physics”
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Let’s look at this box

Italy



“Physics”
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• Physics title is “fancy”, although boxes associated with detectors 
generally lead to money.

• I used to sit in two of these boxes.  I’m now one layer down.
• Let’s look at those two boxes



Particle identification, 
reconstruction, and calibration
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• I ran this group 1999-
2002.

• I ran the MET subgroup 
during 2010, 2011

• Perhaps 100 active people
• Understanding the 

calibration of jets is one of 
the most challenging tasks 
in a hadron collider

• Maryland mostly worked 
on MET, perhaps 20 active 
people.



Jets
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Neutrinos at Hadron Colliders

Electron

MET

W candidate event from D0 experiment
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Particle ID performance
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Have produced one 
for the 2011 run and 
one for the 2012 run 
(55 pages).



“Physics”
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I ran this group 2007 and 2008. 



Exotica
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• I’ve run two of these groups.
• Typically 30 students doing their thesis in each group.
• Including students, postdocs, faculty, about 100 active physicists in 

“my” group.



SUSY subgroup meeting
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Exotica nonhadronic subgroup meeting
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Reconstructing the data
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Let’s look at this box



Upgrades
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LS1
2013-14            

LS2
2018              

LS3
2022-23

LS1 consolidation: Complete detector & consolidate operation for nominal 
LHC beam conditions ∼13 TeV,  1 x Hz/cm2 , <PU> ∼25
• Complete Muon system (4th endcap station), improve RO of CSC ME1/1 & DTs
• Replace HCAL HF and HO photo-detectors and HF backend electronics
• Tracker operation at -20∘C 
• Prepare and install slices of Phase 1 upgrades

Phase 1 upgrades: Prepare detector for 1.6 x 1034 Hz/cm2 , <PU> ∼40, and up to  
200 fb-1 by LS2, and 2.5 x 1034 Hz/cm2, <PU> ∼ 60, up to 500 fb-1 by LS3 
• New L1-trigger systems (Calorimeter - Muons - Global) (ready for 2016 data taking)
• New Pixel detector (ready for installation in 2016/17 Year End Technical Stop)
• HCAL upgrade: photodetectors and electronics (HF 2015/16 YETS,  HB/HE LS2)

Phase 2 upgrades: ≳ 5 x 1034 Hz/cm2 luminosity leveled, <PU> ∼128 
(simulate 140), reach total of 3000 fb-1 in ∼10 yrs operation

• Replace detector systems whose performance is significantly 
degrading due to radiation damage

• Maintain physics performance at this very high PU 



Upgrades and Undergrads
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Cell Materials
• Aluminum 6016-T6, 

10x10x0.5cm3

– No epoxies, welded components
– Anodized surfaces

• Fused quartz support pipes, Viton 
O-ring sealers
– Support pipes: 350mm wall, 1.3mm 

internal diameter
• Allow for quick test of alternative 

readout fiber types and sizes; default: 
0.7 or 0.9mm Y11

• 4-cell, 20x20x2cm3 demonstration 
unit
– Plan to gang together the pairs of 

readout fibers from each cell
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Irradiated samples
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Test beam
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Collaboration board
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Collaboration Board 

July	2014
		

CB	Advisory	Group	
Members	selected	by	CB	Chair	

CB	ac ng	as	an	
Ins tu on	Board

		

CB		Standing	
Commi ees	

Compu ng	
	IB	

Physics	
IB	

Offline	
IB	

Physics	
Performance	&	
Datasets	IB	

Authorship		
M.	Kasemann	

Thesis	Award	
G.	Snow	

Conference	
A.	Meyer	

Detector	Awards	
F.	Gasparini,		

I.	Golutvin	

Publica ons	
G.	Hamel	de	
Montchenault	

Industry	Awards	
A.	Gaddi	

Communica ons	
A.	Petrilli	

Career	
P.	Giacomelli,		
A.	Sharma	

Interna onal	
J.	D’Hondt		

Young	Scien sts	
P.	Jez	

CMS	Schools	
S.	Malik	

Run	
Coordina on	

IB	

Trigger	
IB	

Upgrade	
IB	

Data	Preserva on		
&	Open	Access	
K.	Lassila-Perini	

CMS	Collabora on	Board	
Chair: 	 	J.	D’Hondt	

Deputy: 	G.	Dissertori	
Secretary: 	N.	Hadley	
Members: 	Ins tu onal	Representa ves	

Ex	officio: 	CMS	Management	Board,	
	 	Subsystem	Ins tu on	Board	Chairs,	

	 	Chairs	of	CB	Standing	Commi ees	

• The full collaboration board has one member/institution (168 members)
• forms a check on the spokesman, handles election and governance issues
• Appointments in previous chart must be ratified by the collaboration board
• Also organizes “good deed” committees

Professor 
Nick Hadley



CMS CB Career Committee
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National Org Chart follows the 
money

20 May 2014 Sarah Eno, MASP lecture 109

• Works to check distribution of money by US funding agencies



20 May 2014 Sarah Eno, MASP lecture 110

64 funding agencies (not including 
those that fund individuals instead of 
groups) in 40 countries



What’s next?

20 May 2014 Sarah Eno, MASP lecture 111



20 May 2014 Sarah Eno, MASP lecture 112



20 May 2014 Sarah Eno, MASP lecture 113



20 May 2014 Sarah Eno, MASP lecture 114



20 May 2014 Sarah Eno, MASP lecture 115



20 May 2014 Sarah Eno, MASP lecture 116



20 May 2014 Sarah Eno, MASP lecture 117



20 May 2014 Sarah Eno, MASP lecture 118



Conclusions
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Why does it take so many scientists to discover the 
Higgs?

• Only a small number make the money plot
• Most are calibrating the detector
• A large number are doing shifts
• A large number are developing particle identification, 

reconstruction, and calibration methods
• A non-negligible number are developing new detectors 

for future runs so we can learn more about the Higgs 
and search for other new particles


