
The	  Discovery	  of	  a	  New	  Heavy	  Par3cle	  
at	  the	  Large	  Hadron	  Collider	  

Jeffrey D. Richman 
Department of Physics 

University of California, Santa Barbara 

MLPS Dean’s Cabinet Meeting, March 14, 2013  



European	  Organiza3on	  for	  Nuclear	  Research	  
Geneva,	  Switzerland,	  July	  4,	  2012	  

photo courtesy CERN 

Peter Higgs Joe Incandela. CMS 

Peter Higgs 
Fabiola Gianotti, ATLAS 

CERN main auditorium 



Lake	  Geneva	  
(Lac	  Léman)	  

CERN:	  European	  Organiza3on	  for	  Nuclear	  Research	  

Geneva	  Airport	  
(Cointrin)	   

Switzerland	   
France 

LHC Ring 
C= 27 km (16.9 mi) 
Ebeam = 3.5 to 7 TeV 

Ferney-Voltaire  
France 

CERN main campus 

Super	  Proton	  
Synchrotron	  

(SPS) 



Curnet 

ATLAS	  Experiment	  
Meyrin,	  Switzerland	  

LHCb	  Experiment	   

CMS	  Experiment,	  	  
(Cessy,	  France) 

LHC ring:  
•  2 separate magnetic “highways”; 9300 magnets, incl. 1232 15-meter dipoles. 
•  Radio-frequency EM cavity devices to accelerate beams (8/beam; 40 MHz) 

Alice	  Experiment	   

Proton beam 

Proton beam 



Curnet 

The beam bunches travel at nearly the speed of light (c−7 mph at 7 TeV) 
•  arrive at the collision points every 50 ns (25 ns in future) 

Beam: “bunch train” w/1374 bunches of protons 
(will increase to 2808 bunches). 1 bunch=1011 protons. 

•  Beams make 11,245 turns/second 
•  Stored for 10 hrs (round trip to Neptune!) 
•  Designed for 600 M collisions/sec at each experiment. 

Stored energy per beam at design is 350 MJ, enough to melt 500 kg of Cu 



This	  place	  should	  look	  familiar!	  

d = 5.3 miles 



LHC	  Interac3on	  Region	  

100 m 

Proton beam 

Proton beam 

Detector to observe outcome  
of the proton-proton collisions. 

The detector is like a giant camera – or an observatory! 
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3.8T Solenoid 

ECAL	
76k scintillating  
PbWO4 crystals 
HCAL	
Scintillator/brass 

Interleaved ~7k ch 

•  Pixels (100x150 µm2) "
    ~ 1 m2 ~66M ch"
• Si Strips (80-180 µm)"
   ~200 m2 ~9.6M ch	


Pixels	  &	  Tracker	


MUON	  BARREL	

250 Drift Tubes (DT) and 
480 Resistive Plate Chambers (RPC) 

473 Cathode Strip Chambers (CSC) 
432 Resistive Plate Chambers (RPC) 
 

MUON	  ENDCAPS	
Total	  weight	  	  	  	  	  	  	  	  	  14000	  t	  
Overall	  diameter	  	  	  15	  m	  
Overall	  length	  	  	  	  	  	  	  28.7	  m	  

IRON	  YOKE	  

YBO 
YB1-2 

Preshower 
Si Strips ~16 m2 

~137k ch 
 

Foward Cal 
Steel + quartz 
Fibers 2~k ch 
 

CMS Experiment 



CMS	  Detector	  with	  Accelerator	  Beam	  Pipe	  



	  	  	  	  	  	  	  	  	  	  UCSB	  in	  HEP:	  research	  +	  educa3on	  
•  Faculty	  (7;	  4	  on	  CMS),	  engineers	  (4),	  technicians.	  
	  Postdoctoral	  fellows	  (9),	  graduate	  students	  (10-‐12),	  
	  undergraduates	  (3-‐5).	  

•  Supported	  by	  the	  Department	  of	  Energy	  (your	  tax	  dollars).	  
•  Mission:	  Inves3gate	  the	  fundamental	  nature	  of	  ma`er	  and	  
train	  the	  next	  genera3on	  of	  scien3sts.	  



	  	  	  	  	  	  	  	  	  UCSB	  in	  the	  CMS	  Experiment	  

Claudio  
Campagnari 

Guido  
Magazzu 
(Elec. 
Engineer) 

David  
Stuart 

Joe  
Incandela Jeffrey 

Richman 



	  	  	  	  	  	  	  	  	  	  	  CMS:	  Major	  roles	  of	  UCSB	  group	  	  
Area	   Examples	  

Leadership/management	   Top-‐level	  management,	  physics	  &	  sodware	  
convenorships	  

Silicon	  Tracker	  Construc3on	   Module	  &	  rod	  construc3on	  at	  UCSB,	  detector	  tes3ng	  
and	  assembly	  at	  CERN,	  project	  management	  

Silicon	  Tracker	  Commissioning	   Cooling	  systems;	  calibra3on	  &	  commissioning	  

Silicon	  Tracker	  Upgrade	  and	  SLHC	  
Electronics	  Development	  

Endcap	  muon	  electronics,	  readout	  electronics	  
development,	  tracker	  &	  trigger	  studies	  

General	  Physics	  Analysis	  Tools	  
Development	  
	  

Fireworks	  Event	  Display,	  Physics	  Datasets	  &	  Trigger	  
Menu	  Development,	  Physics	  Analysis	  Toolkit	  (PAT)	  
Development,	  Missing	  Transverse	  Momentum	  
measurement,	  b-‐tagging	  studies,	  	  Conversion	  ID	  

Muon	  High	  Level	  Trigger	   Development	  of	  Muon	  High	  Level	  Trigger	  Sodware	  

Tracking	  Sodware	   Development	  of	  Tracker	  Reconstruc3on	  Sodware	  

Muon	  Reconstruc3on	  Sodware	   Development	  of	  Muon	  Reconstruc3on	  methods	  

Physics	  Analysis	   Broad	  range	  of	  analyses:	  Top,	  SUSY,	  Electroweak	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Leadership	  Roles	  in	  CMS:	  Faculty	  

Faculty	  member	   Roles	  
Claudio	  Campagnari	   Member	  of	  Physics	  Project	  Office	  (2011)	  

Co-‐convenor	  of	  Top	  Physics	  Analysis	  Group	  (2008,	  2009),	  
Publica3ons	  Board	  (2011),	  co-‐chair,	  Physics	  Dataset	  
Working	  Group	  (2012)	  

Joe	  Incandela	   Spokesperson	  (2012,	  2013)	  
Deputy	  Spokesperson	  (2010,	  2011)	  -‐-‐	  previously	  Deputy	  
Physics	  Coordinator)	  
US	  CMS	  Tracker	  Project	  Leader	  

Jeffrey	  Richman	   Collabora3on	  Board	  Advisory	  Group	  (2013),	  
Publica3ons	  Steering	  Board	  (2012),	  	  
Co-‐chair	  Exo3ca	  Pub	  Comm	  (2012),	  	  
Co-‐convenor	  of	  Supersymmetry	  (SUSY)	  Physics	  Analysis	  
Group	  (2009,	  2010)	  

David	  Stuart	   Co-‐convenor	  of	  Supersymmetry	  Physics	  Analysis	  Group	  
(2011,	  2012);	  previously	  co-‐convenor	  of	  leptonic	  SUSY	  
subgroup.	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Leadership	  Roles	  in	  CMS:	  Faculty	  

Faculty	  member	   Roles	  
Claudio	  Campagnari	   Member	  of	  Physics	  Project	  Office	  (2011)	  

Co-‐convenor	  of	  Top	  Physics	  Analysis	  Group	  (2008,	  2009),	  
Publica3ons	  Board	  (2011),	  co-‐chair,	  Physics	  Dataset	  
Working	  Group	  (2012)	  

Joe	  Incandela	   Spokesperson	  (2012,	  2013)	  
Deputy	  Spokesperson	  (2010,	  2011)	  -‐-‐	  previously	  Deputy	  
Physics	  Coordinator)	  
US	  CMS	  Tracker	  Project	  Leader	  

Jeffrey	  Richman	   Collabora3on	  Board	  Advisory	  Group	  (2013),	  
Publica3ons	  Steering	  Board	  (2012),	  	  
Co-‐chair	  Exo3ca	  Pub	  Comm	  (2012),	  	  
Co-‐convenor	  of	  Supersymmetry	  (SUSY)	  Physics	  Analysis	  
Group	  (2009,	  2010)	  

David	  Stuart	   Co-‐convenor	  of	  Supersymmetry	  Physics	  Analysis	  Group	  
(2011,	  2012);	  previously	  co-‐convenor	  of	  leptonic	  SUSY	  
subgroup.	  



	  	  	  	  	  	  	  	  CMS	  Silicon	  Tracker	  Installa3on:	  Dec	  2007	  	  



But  CMS	  Silicon-‐Strip	  Par3cle	  Tracking	  Detector	  



Smashing	  Swiss	  watches	  together	  Watches crashing
Tuesday, November 06, 2012
7:39 PM
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...after all, this is Geneva 



Smashing	  Swiss	  watches	  together	  Tennis raquets
Tuesday, November 06, 2012
8:33 PM

   Drawings Page 1    

...out come two tennis rackets 



Can	  Ma&er	  be	  Created?	  



Feynman’s	  Van:	  Quantum	  Field	  Theory	  



Quantum	  field	  theory	  in	  1	  slide	  

Fundamental	  
forces/fields	  

Examples	  
	  

Field	  
excita:on	  

Electromagne3c	   Light,	  electrical	  power,	  chemistry,	  
civiliza3on	  as	  we	  know	  it.	  

Photon	  	  

Weak	   Many	  natural	  radioac3ve	  processes,	  
opera3on	  of	  sun,	  supernova	  
explosions,	  forma3on	  of	  elements.	  

W+,	  W-‐,	  Z	  	  

Strong	   Holds	  nuclear	  par3cles	  together.	   g	  (8	  gluons)	  

Gravita3onal	   Astrophysical	  systems,	  large	  scale	  
dynamics	  of	  universe.	  

G	  (graviton)	  	  
[?]	  



COW 

FLEA 

BACTERIUM 

MOLECULE 

ATOM 

L=3 m 

L = 0.0025 m = 2.5 mm 

L=0.002 mm = 2 µm (large variation) 

W = 0.002 µm = 2 nm 
  

×10−3
×10−3

×10−3

×10−1
×10−5

NUCLEUS 
R=0.003 pm 

Shrinking	  down:	  cow	  à	  atom	  

R = 0.1 nm 
    = 100 pm 

1 m → 10−15  m = 0.000000000000001 m
COW ATOMIC NUCLEUS 



A	  first	  look	  inside	  of	  the	  proton	  

u

du

Quarks! 
p

p

rproton ≈10−13  cmRest energy (mass) of proton: 0.9 GeV 
Energy of proton in LHC beam: 4000 GeV 

n = dud

+
2
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+
2
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−
1
3p = udu



Fundamental	  par3cles	  
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charm	   top	  up	  

down strange	   bo&om	  

e−

νe

µ−

νµ

τ −

ντ

muon	   tau	  electron	  

electron	  	  
neutrino	  

muon	  	  
neutrino	  

tau	  
neutrino	  

γ Z 0 W + W −g
gluon (8) photon Z boson W bosons 

Quarks  Leptons  

H
Higgs boson 

Gauge bosons Higgs boson 
and vacuum expectation value Strong force EM force Weak force 



The	  Higgs	  mechanism:	  a	  high	  stakes	  game	  

•  The	  mathema3cal	  laws	  
describing	  the	  forces	  
between	  par3cles	  appeared	  
to	  be	  incompa3ble	  with	  
force	  carriers	  (W,	  Z)	  having	  
mass.	  

•  Higgs:	  Par3cles	  interact	  
with	  a	  field	  that	  exists	  
throughout	  all	  space;	  gives	  
par3cles	  the	  appearance	  of	  
having	  mass!	  



Higgs	  par3cle	  à	  two	  Z	  bosons	  à	  4	  muons	  

7	  TeV	  DATA	  
	  
4μ+γ	  Mass	  :	  126.1	  GeV	  

μ-‐(Z1)	  pT	  :	  28	  GeV	  

μ+(Z2)	  pT	  :	  6	  GeV	  

μ+(Z1)	  pT	  :	  67	  GeV	  

μ-‐(Z2)	  pT	  :	  14	  GeV	  

γ(Z1)	  ET	  :	  8	  GeV	  



	  	  	  	  	  	  	  	  Higgs	  boson	  à	  two	  Z	  bosons	  à	  4	  leptons	  



	  	  	  	  	  	  	  	  Higgs	  boson	  à	  two	  Z	  bosons	  à	  4	  leptons	  
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Higgs	  par3cle	  à	  2	  photons	  



A	  quasi-‐poli3cal	  Explana3on	  of	  the	  Higgs	  Boson;	  	  
for	  Mr	  Waldegrave,	  UK	  Science	  Minister,	  1993.	  

Imagine a cocktail party of political party workers who are uniformly distributed 
across the floor, all talking to their nearest neighbors. 

From David J. Miller, Physics and Astronomy, University College London 
(cartoons courtesy CERN) 



How	  the	  Higgs	  mechanism	  gives	  mass	  to	  
massless	  par3cles	  





(Sir)	  Tim	  Berners-‐Lee	  and	  early	  development	  of	  
the	  World	  Wide	  Web	  

Berners-‐Lee	  proposed	  the	  WWW	  in	  March	  1989	  while	  
working	  at	  CERN	  and	  developed	  the	  first	  web	  site.	  	  





The	  Big	  Bang:	  the	  first	  par3cle	  experiment	  

Time 

Particle soup: 10-12 s 

Nucleons (p, n): 10-4 s 

Nuclei: 10-2 s 

Atoms: 400,000 years 



The	  dark	  ma`er	  revolu3on	  

Nicolaus Copernicus 
(1473-1543): 
 heliocentric model Vera Rubin (1928-):  

dark matter in galaxies 

Dark  
matter:  
23% 

Atoms:  
4.6% 

Dark  
energy:  
72% 

WMAP  

We aren’t at the center of the solar system (or anything else),  
and we aren’t made up of the dominant form of matter...  



Ader	  3	  years	  of	  running...	  

•  Over	  200	  physics	  papers	  published.	  
•  Our	  first	  major	  discovery:	  a	  “Higgs-‐like	  par3cle”.	  
•  Need	  to	  fully	  establish	  the	  proper3es	  of	  the	  new	  
par3cle.	  There	  are	  scenarios	  with	  mul3ple	  Higgs	  
bosons	  (e.g.	  five	  of	  them!).	  

•  Intensity	  search	  for	  par3cles	  that	  can	  explain	  the	  
dark	  ma`er	  (“supersymmetric	  par3cles”).	  

•  Train	  the	  next	  genera3on	  of	  scien3sts!	  
•  The	  LHC	  project	  will	  con3nue	  for	  at	  least	  a	  decade.	  



Key	  goal:	  training	  scien3sts	  of	  the	  future	  
Current positions of recent postdoctoral fellows 



	  	  	  	  	  	  	  	  	  	  	  	  	  Mont	  Blanc	  (4,810	  m	  or	  15,782	  d),	  as	  seen	  from	  CERN 

Extra Slides 



Examples	  of	  Improvements	  to	  Broida	  Hall	  

Physics Study  
Room 

Broida Hall 
5th floor displays 



UCSB	  Physics	  Department	  Needs	  

•  HEP:	  support	  for	  Postdoctoral	  Fellows,	  
graduate	  students,	  and	  travel	  to	  CERN.	  

•  Graduate	  student	  fellowships	  
•  Compu3ng	  facili3es	  for	  students	  
•  Faculty	  support	  –	  endowed	  chairs	  
•  Machine	  shop	  equipment	  
•  Undergraduate	  labs,	  especially	  electronics	  
•  Improvements	  to	  research	  laboratories	  
•  Improve	  exis3ng	  building	  &	  work	  towards	  new	  
building.	  

	  



Par3cle	  interac3ons	  can	  create	  ma`er	  
Feynman diagrams
Wednesday, March 13, 2013
4:41 PM

   Physics 125 Page 1    

Repulsion of two electrons Annihilation of an electron &  
positron into charm quark and 
an anti-charm quark. 

...if there is enough energy! 



Example:	  neutrinos	  and	  your	  thumb	  

How many neutrinos pass through 
your thumbnail every second? 
  (a) 0.1       (b) 1      (c) 106        (d) 1011       (e) 1023 

   (f) none of the above 

 
They are mostly from the sun! 



Higgs	  par3cle	  à	  two	  photons	  

The mass of the 
Higgs particle can 
be inferred from 
the energies and  
directions the two 
photons that the 
Higgs particle 
decays into.  

Mass in units of GeV N
um
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Two	  protons	  colliding	  

u

u
d

u
gluon 

u

d
u

Just as photons are the quanta of the 
electromagnetic field, gluons are the quanta of 
the strong field. (Nobel Prize 2004: David Gross, 
David Politzer, Frank Wilczek.) 

u

proton proton 





Inside	  the	  LHC	  Tunnel	  	  	  



Inside	  the	  LHC	  Tunnel	  	  

Total	  magnets	   9593	  

Num.	  main	  dipoles	   1232	  (L=15	  m)	  

Num.	  main	  quads	   392	  (L=	  5	  to	  7	  m)	  

RF	  cavs/beam	   8	  

Bunches/beam	   2808	  

Protons/bunch	   1.1	  1011	  

Collisions/sec	   600	  106	  

Bunch	  spacing	  (min.)	   7	  m	  (25	  ns)	  

Dipole	  field	   8.33	  T	  

Dipole	  op.	  temp.	   1.9	  K	  

Dipole	  current	   11,850	  A	  

Design	  luminosity	   1034	  cm-‐2s-‐1	  





B(T) = p⊥ (GeV)
0.3 ⋅ r(m)

=
7 ⋅103  GeV

0.3 ⋅ (8.6 ⋅103m)
≈ 5 T

Mag. length: 14.3 m 
Overall length: 16.8 m 
Nb-Ti superconductor  



LHC	  Radio-‐Frequency	  Cavi3es	  


