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Hadron collider physics:  
a historical perspective 

■  The first one: ISR 
◆  And some missed discoveries 

■  A matter-antimatter (p-pbar) collider, part I: SPS 
◆  EWK theory (unification!) 

■  A proton-antiproton collider, part II: Tevatron 
◆  Top quark & EWK & B physics in hadron collisions 

■  Towards the Higgs boson: pp collider(s) 
◆  From the SSC to the LHC  

■  Outlook 

Paris Sphicas 
CERN & NKUA (Athens) 
CERN, August 31, 2017 



What hadron colliders have 
done for the Standard Model 

of Particle Physics 
Not even an introduction… 
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The Standard Model and hadron collisions 
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Hadron Colliders 
W/Z: UA1/UA2 @ SPS 
Top: CDF/D0 @ Tevatron 
H: ATLAS/CMS @ LHC 

Hadron Collisions 
b quark: E288 @ FNAL 
c quark: pBe @ AGS 

ee Collider  
c and τ SPEAR  

Not shown: probing the strong, 
weak and EM interactions 



The beginning: AGS and ISR; 
Two + one lessons 
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ISR discovery: rising pp and ppbar σ 
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PS 

ISR 
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pp collisions :== parton-parton collisions 
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20-60 GeV pp collisions 
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Colliding watches 
■  Late 60's: 

◆  Parton model: infant stage 
◆  Successful in 

spectroscopy+ weak 
decays 

◆  Bjorken scaling + SLAC–
MIT experiment 

◆  Question: is it applicable to 
hadron collisions? 
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■  CCR: inclusive particle spectra       
→ excess @ large PT.  Expected vs seen: 

Feynman 
scaling & 
rapidity 
plateau 

CIM 

points: 
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“Jets” were missing… 
■  Killed by the trigger: 

 ISR: triggering on single 
particles, not global ET 
  
 1) Absence of CALO triggers (small 
E → bad CALO response) 
 2) Jet spectrum: much steeper PT 
spectrum than fragmentation → 
particle of given PT most likely the 
leading particle of a soft jet... 
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Lesson #1: triggering a risky 
and complicated activity; use 
inclusive triggers, e.g. based 
on the calorimeter! 
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The jets were there – but at the SPS… 
■  UA2 experiment; “Paris conference” 1982 
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Discoveries missed: (well, AGS…) the J/ψ
■  From Leon Lederman’s 

autobiography at FNAL:  
http://history.fnal.gov/

autobiography.html 
 “In 1961 he worked under M. 
Schwartz and J. Steinberger on 
neutrinos. He was in charge of 
finding neutral currents. Schwartz 
was in charge of finding 
Lederman.” 
 “In 1968 he invented the di-
muon experiment and 
missed the J/Psi particle.”  
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Lesson #2: resolution is so 
important! 
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Discoveries made: the J/ψ
■  Brookhaven AGS: p + Be → e+ e– X 

■  SPEAR at SLAC: 
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Evidence for the gluon (well...) SPS plans 
■  Prompt photons seen: 

◆  ABCS: unambiguous rise of γ/π0 ratio 
◆  Highly non-trivial (experimentally) 

exercise: 
●  Huge background from decay 

photons... 
■  In QCD picture: 

 quark+gluon → Quark + γ
■  Yet, so indirect… (π0)… 
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Meanwhile: SPS 
was in the works… 
Lesson #3: energy 
helps… 



The SppS experiments: 
UA1 and UA2 

and the glorious 80’s 
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UA1 (and UA2) 
■  At the time, they were huge, very, very risky 

undertakings 
◆  To begin with, the collider had to bring in protons and ANTI-

protons to collide (cross section for W/Z production in pp was 
too small) 

◆  Second, and above all, the result was predicted to be a MESS 
◆  Third, they had to draw from the lessons learned! 
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The SPS and the magic of p-pbar collisions 
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CERN 
Antiproton 

Accumulator 
(AA) ~end 70’s 

� The CERN Antiproton Programme ����

DQG�FRYHUHG�ZLWK�FRQFUHWH�VKLHOGLQJ�EORFNV��)LJXUH������OHIW��VKRZV�WKH�$$�DQG�
WKH�$&� ULQJV�� EHIRUH� EHLQJ� FRYHUHG�ZLWK� FRQFUHWH� VKLHOGLQJ�� )LJXUH� ���� �ULJKW��
VKRZV� WKH� OD\RXW� RI� WKH� WZR� ULQJV� ZLWK� WKH� ³GRJ�OHJ´� LQFRUSRUDWHG� LQ� WKH�
DQWLSURWRQ� LQMHFWLRQ� OLQH� WR� GLPLQLVK� WKH� IOX[� RI� VHFRQGDU\� HOHFWURQV� DQG� SLRQV�
UHDFKLQJ�WKH�KDOO��

�

)LJ�������7KH�$&�ULQJ�EXLOW�DURXQG�WKH�$$�ULQJ��DQG�D�SDUWLDO�YLHZ�RI�WKH�LQVWDOODWLRQ��
�

7KH� FLUFXPIHUHQFH�RI�WKH�$&�ZDV� ����P��,W�ZDV� LQVWDOOHG�DURXQG� WKH�$$�LQ�
D�SHULRG�RI� MXVW�HOHYHQ�PRQWKV� LQ� ����±���� ,WV� SULPDU\� WDVN�ZDV� WR� FDSWXUH� DQ�
RUGHU�RI�PDJQLWXGH�PRUH�DQWLSURWRQV�WKDQ�WKH�$$�� IRU�ZKLFK�LW�KDG�PXFK�ODUJHU�
DFFHSWDQFHV��ERWK��LQ�WUDQVYHUVH�DQG�LQ�PRPHQWXP�VSDFH��

7KH�$$��DQG�ODWHU�WKH�$&�KDG�WR�KDYH�D�ODUJH�DFFHSWDQFH�LQ�RUGHU�WR�FDSWXUH�D�
PD[LPXP� QXPEHU� RI� DQWLSURWRQV� FRPLQJ� IURP� WKH� WDUJHW�� 7KH� SKDVH� YROXPH�
RFFXSLHG�E\�WKH�EHDP�KDG�WKHUHIRUH�WR�EH�UHGXFHG�DQG�WKH�SDUWLFOH�GHQVLW\�LQ�SKDVH�
VSDFH� LQFUHDVHG��,Q�IDFW�� WKH�GHQVLW\� LQ���GLPHQVLRQDO�SKDVH�VSDFH��WKH�SDUWLFOHV�
KDYH�SRVLWLRQ�DQG�PRPHQWXP�LQ�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV��KDG�WR�EH�
ERRVWHG�E\�QHDUO\�D�IDFWRU�����LQ�WKH�$$��7KH�RQO\�ZD\�WR�DFKLHYH�WKLV�ZDV�WR�IXOO\�
H[SORLW�WKH�PHWKRG�RI�VWRFKDVWLF�FRROLQJ��

7R�WKLV�HQG��WKH� $$�ZDV�WKH�ILUVW�DFFHOHUDWRU�LQ�WKH�ZRUOG�WR�EH�HTXLSSHG�ZLWK�
D� IXOO� VHW�RI� VWRFKDVWLF� FRROLQJ�V\VWHPV�� WKHUH�ZHUH��� V\VWHPV��IUHTXHQF\� UDQJH��
����0+]�WR���*+]���D�SUHFRROLQJ�V\VWHP�IRU�WKH�PRPHQWXP�SODQH�DQG���V\VWHPV��
RQH�IRU�HDFK�SKDVH�SODQH�IRU�VWDFN�WDLO�DQG�FRUH�UHJLRQV�>�@��:LWK�WKH�DUULYDO�RI�WKH�
$&�ULQJ�� WKH�$$�V\VWHPV�ZHUH�FRQYHUWHG� WR��� V\VWHPV��RSHUDWLQJ� LQ� WKH�KLJKHU�
IUHTXHQF\�UDQJH�RI��±��*+]�>�@��7KH�$&�KDG���V\VWHPV�LQ���EDQGV���±��*+]��
DSSO\LQJ�FRROLQJ�LQ�DOO�WKUHH�SKDVH�SODQHV�LQ�HDFK�EDQG�>�@��$OO�WKHVH�V\VWHPV�KDG�
WKHLU� VSHFLILF� IXQFWLRQDOLWLHV� DQG� VLJQLILFDQW� YDULDWLRQV� LQ� SLFNXS�NLFNHU�
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7KH�VWRFKDVWLF�DFFXPXODWLRQ��VWDFNLQJ��SURFHVV��DQ�HVVHQWLDO�IHDWXUH�LQ�WKH�$$�
VFKHPH��FRXOG�QRW�EH�WHVWHG�LQ�,&(��7KLV�SURFHVV�LQYROYHG�VLPXOWDQHRXV�FRROLQJ�LQ�
ERWK� WUDQVYHUVH�SODQHV�DQG�LQFUHDVLQJ�WKH� ORQJLWXGLQDO�GHQVLW\�E\�IRXU�RUGHUV�RI�
PDJQLWXGH�ZKLOH�PRYLQJ�WKH�SDUWLFOHV� LQWR� WKH�GHQVH�FRUH��7KLV�ZDV� WKH�ELJJHVW�
JDPEOH� LQ� WKH� ODXQFK� RI� WKH�$$� EHFDXVH� LW� FRXOG� RQO\� EH� VWXGLHG� LQ� GHWDLO� E\�
WKHRUHWLFDO�FDOFXODWLRQ��)RUWXQDWHO\��LQ�WKLV�UHVSHFW�WKH�$$�SHUIRUPHG�DV�H[SHFWHG��

7KH�$$�SURMHFW�ZDV�ODXQFKHG�LQ�������ZLWK�EHDP�FRPPLVVLRQLQJ�LQ�-XO\�������
7KH�ILUVW�636�SURWRQ±DQWLSURWRQ�FROOLVLRQV�DW�����*H9�RFFXUUHG�LQ�-XO\������DQG�
WKH�ILUVW�UHDO�SHULRG�RI�SK\VLFV�UXQV�LQ�������$IWHU�WKH�:�DQG�=�GLVFRYHU\��1REHO�
DZDUGV� LQ� ����� DQG� WKH� HYHU�LQFUHDVLQJ� DSSHWLWH� IRU� KLJKHU� OXPLQRVLWLHV�� WKH�
$QWLSURWRQ�&ROOHFWRU��$&��ULQJ�ZDV�EXLOW�DQG�FRPPLVVLRQHG�LQ�������WR�EULQJ�D�
WHQ�IROG�LQFUHDVH�LQ�WKH�DFFXPXODWHG�DQWLSURWRQV��7KH�636�UDQ�DV�D�FROOLGHU�DV�ZHOO�
DV�IRU�VKRUW�IL[HG�WDUJHW�UXQV�GXULQJ�WKHVH�\HDUV��$IWHU�WKH�ODVW�FROOLGHU�UXQ�LQ������
>�@��WKH�636�UHWXUQHG�WR�LWV�PRGH�DV�D�IL[HG�WDUJHW�SK\VLFV�DFFHOHUDWRU��

7KH� V\VWHPV� DQG� SURFHVVHV� GHVFULEHG� KHUH� EULHIO\� UHSUHVHQW� PDMRU�
WHFKQRORJLFDO� LQQRYDWLRQV� DQG� EUHDNWKURXJKV� IRU� WKH� DQWLSURWRQ� SURJUDPPH� DW�
&(51��VLPLODU��LPSURYHG�V\VWHPV�ZHUH�DGDSWHG�ODWHU�IRU�WKH�DQWLSURWRQ�VRXUFH�DW�
)1$/�86$��OHDGLQJ�WR�WKH�WRS�TXDUN�GLVFRYHU\�WKHUH�LQ�WKH�����V��

�

)LJ�������7KH�OD\RXW�RI�WKH�&(51�DFFHOHUDWRUV�LQ������ZLWK�WKH�H[LVWLQJ�DQG�QHZ�WXQQHOV��WKLFN�OLQHV��
FRQVWUXFWHG�IRU�EHDP�WUDQVIHU�IURP�WKH�$$�WR�WKH�36��,65�	�636�>�@��
� �
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New transfer lines 
to PS/ISR/SPS 

The AA 
���� V. Chohan & P. Darriulat 

�
^ƚŽĐŚĂƐƚŝĐ�ĐŽŽůŝŶŐ͗��ŽŵĞƐƚŝĐĂƚŝŶŐ�ďĞĂŵƐ��������������������������������������������������������������������Žǆ�ϲ͘Ϯ�
dŚĞ�ƉƵƌƉŽƐĞ�ŽĨ�ƐƚŽĐŚĂƐƚŝĐ�ĐŽŽůŝŶŐ�΀ϭ͕�Ϯ΁�ŝƐ�ƚŽ�ŝŶĐƌĞĂƐĞ�ƚŚĞ�ĚĞŶƐŝƚǇ�ŽĨ�Ă�ďĞĂŵ�ŽĨ�ĐŚĂƌŐĞĚ�
ƉĂƌƚŝĐůĞƐ͘��ƵƌŝŶŐ�ƚŚŝƐ�ƉƌŽĐĞƐƐ͕�ƚŚĞ�ƉĂƌƚŝĐůĞƐ�ĂƌĞ�͞ĐŽŵƉƌĞƐƐĞĚ͟�ŝŶƚŽ�Ă�ĚĞŶƐĞƌ�ďĞĂŵ�ǁŝƚŚ�
ůĞƐƐ�ĂŶŐƵůĂƌ�ĚŝǀĞƌŐĞŶĐĞ�ĂŶĚ�ůĞƐƐ�ĞŶĞƌŐǇ�ƐƉƌĞĂĚ͗�ĞŵƉƚǇ�ƐƉĂĐĞ�ďĞƚǁĞĞŶ�ƚŚĞ�ƉĂƌƚŝĐůĞƐ�ŝƐ�
ƐƋƵĞĞǌĞĚ�ŽƵƚ͘�dŚĞ�ƉŚĂƐĞ�ƐƉĂĐĞ�ŽĐĐƵƉŝĞĚ�ďǇ�ƚŚĞ�ďĞĂŵ�ŝƐ�ƌĞĚƵĐĞĚ�ƐŽ�ƚŚĂƚ�Ă�ŶĞǁ�ďĞĂŵ�
ĐĂŶ�ďĞ�ĂĚĚĞĚ�ĚƵƌŝŶŐ�ďĞĂŵ�ĂĐĐƵŵƵůĂƚŝŽŶ�ŝŶ�ƚŚĞ�ůŝŵŝƚĞĚ�ƉŚĂƐĞ�ƐƉĂĐĞ�ŽĨ�ƚŚĞ�ĂĐĐĞůĞƌĂƚŽƌ͕�
ĂŶĚ�ƚŚĞ�ĨŝŶĂů�ďĞĂŵ�ĐĂŶ�ďĞ�ŵĂĚĞ�ĚĞŶƐĞƌ͕�ŝŵƉĞƌĂƚŝǀĞ�ĨŽƌ�ĂĐŚŝĞǀŝŶŐ�ŐŽŽĚ�ůƵŵŝŶŽƐŝƚǇ�ŝŶ�
ĂŶƚŝƉƌŽƚŽŶ�ĐŽůůŝĚĞƌƐ͘��ŽŽůŝŶŐ�ŝƐ�ĂůƐŽ�ƵƐĞĚ�ƚŽ�ƉƌĞǀĞŶƚ�ƚŚĞ�ďůŽǁͲƵƉ�ŽĨ�Ă�ƐƚŽƌĞĚ�ďĞĂŵ͘�

dŚĞ�ƉƌŝŶĐŝƉůĞ�ŽĨ�ƐƚŽĐŚĂƐƚŝĐ�ĐŽŽůŝŶŐ�ŝƐ�ŝůůƵƐƚƌĂƚĞĚ�ĨŽƌ�ƚŚĞ�ĐĂƐĞ�ŽĨ�ƌĞĚƵĐŝŶŐ�ƚŚĞ�ǁŝĚĞ�
ŚŽƌŝǌŽŶƚĂů� ĚŝŵĞŶƐŝŽŶ� ŽĨ� Ă� ďĞĂŵ� ĐĂƵƐĞĚ� ďǇ� ŽƐĐŝůůĂƚŝŽŶƐ� ŽĨ� ƚŚĞ� ƉĂƌƚŝĐůĞƐ� ĂƌŽƵŶĚ� ƚŚĞ�
ŶŽŵŝŶĂů�Žƌďŝƚ͘��ŽŶƐŝĚĞƌ�ĨŝƌƐƚ�Ă�ƐŝŶŐůĞ�ƉĂƌƚŝĐůĞ͘���ƐĞŶƐŽƌ�;ƉŝĐŬͲƵƉͿ�ĂĐƋƵŝƌĞƐ�ĂŶ�ĞůĞĐƚƌŝĐĂů�
ƐŝŐŶĂů�ƉƌŽƉŽƌƚŝŽŶĂů�ƚŽ�ƚŚĞ�ĚŝƐƉůĂĐĞŵĞŶƚ�ŽĨ�ƚŚĞ�ƉĂƌƚŝĐůĞ�;ƐĞĞ�&ŝŐƵƌĞͿ�΀ϭ΁͘�dŚĞ�ƐŝŐŶĂů�ƚĂŬĞƐ�
Ă�ƐŚŽƌƚͲĐƵƚ�ĂĐƌŽƐƐ�ƚŚĞ�ƌŝŶŐ�ƐŽ�ƚŚĂƚ�ƚŚĞ�ƉĂƌƚŝĐůĞ�ƌĞĐĞŝǀĞƐ�ƚŚĞ�ŬŝĐŬ�ƌĞƋƵŝƌĞĚ�ƚŽ�ƉƵƚ�ŝƚ�ŽŶ�
ƚŚĞ�ŶŽŵŝŶĂů�Žƌďŝƚ͘�&ĂƐƚ�ƐŝŐŶĂů�ƚƌĂŶƐŵŝƐƐŝŽŶ�
ĨƌŽŵ�ƉŝĐŬͲƵƉ�ƚŽ�ŬŝĐŬĞƌ�ŝƐ�ǀŝƚĂů�ĨŽƌ�ƚŚĞ�ĐŽŽůŝŶŐ�
ƐǇƐƚĞŵ͕�ĂƐ�ƚŚĞ�ƉĂƌƚŝĐůĞƐ�ŵŽǀĞ�ĐůŽƐĞ�ƚŽ�ƚŚĞ�
ƐƉĞĞĚ�ŽĨ�ůŝŐŚƚ͘�/Ŷ�ƌĞĂůŝƚǇ͕�ƉŝĐŬͲƵƉ�ĂŶĚ�ŬŝĐŬĞƌ�
ĂĐƚ� ŽŶ� Ă� ƐŚŽƌƚ� ƐůŝĐĞ� ŽĨ� ƚŚĞ� ďĞĂŵ� ǁŚŝĐŚ�
ĐŽŶƚĂŝŶƐ� Ă� ƐŵĂůů� ĨƌĂĐƚŝŽŶ� ŽĨ� ƚŚĞ� ƚŽƚĂů�
ŶƵŵďĞƌ� ƉĂƌƚŝĐůĞƐ� E͘� dŚĞ� ƐůŝĐĞͬƐĂŵƉůĞ�
ĚƵƌĂƚŝŽŶ� ŝƐ� ĚĞƚĞƌŵŝŶĞĚ� ďǇ� ƚŚĞ� ďĂŶĚǁŝĚƚŚ�
t� ŽĨ� ƚŚĞ� ĞůĞĐƚƌŽŶŝĐƐ͘� dŚĞ�ĚĂŵƉŝŶŐ�ŽĨ� ƚŚĞ�
ŽƐĐŝůůĂƚŝŽŶ�ŽĨ�ƚŚĞ�ƉĂƌƚŝĐůĞ�ŝƐ�ĚŝƐƚƵƌďĞĚ�ďǇ�ƚŚĞ�
ƐŝŐŶĂůƐ� ĨƌŽŵ� ƚŚĞ� ŽƚŚĞƌ� ƌĂŶĚŽŵůǇ�
ĚŝƐƚƌŝďƵƚĞĚ�ƉĂƌƚŝĐůĞƐ�ŝŶ�ƚŚĞ�ƐůŝĐĞ͘�'ŝǀĞŶ�ƚŚĞ�
ĨŝŶŝƚĞ�ŶƵŵďĞƌ�ŽĨ�ƉĂƌƚŝĐůĞƐ�ĂŶĚ� ƚŚĞ� ƐĂŵƉůĞ�
ĐŽŶƚĂŝŶŝŶŐ�ĚŝĨĨĞƌĞŶƚ�ƉĂƌƚŝĐůĞƐ�Ăƚ�ĞĂĐŚ�ƉĂƐƐ�ĚƵĞ�ƚŽ�Ă�ƐƉƌĞĂĚ�ŝŶ�ƌĞǀŽůƵƚŝŽŶ�ĨƌĞƋƵĞŶĐŝĞƐ�
;ƉĞƌĨĞĐƚ�ŵŝǆŝŶŐͿ͕�ƚŚĞ�ĚŝƐƉůĂĐĞŵĞŶƚ�ŽĨ�ƚŚĞ�ƐůŝĐĞ�ǁŝůů�ďĞ�ĚŝĨĨĞƌĞŶƚ�Ăƚ�ĞĂĐŚ�ƉĂƐƐĂŐĞ͘�dŚĞ�
ĞĨĨĞĐƚ�ŽĨ�ƚŚĞ�ĐŽŵƉĂŶŝŽŶ�ƉĂƌƚŝĐůĞƐ�ŝŶ�ƚŚĞ�ƐĂŵƉůĞ�ĂǀĞƌĂŐĞƐ�ŽƵƚ�ƚŽ�ĨŝƌƐƚ�ŽƌĚĞƌ�ďƵƚ�ƚŚĞǇ�
ƉƌŽĚƵĐĞ� Ă� ƐĞĐŽŶĚ� ŽƌĚĞƌ� ĂĚǀĞƌƐĞ� ďůŽǁͲƵƉ� ŽĨ� ƚŚĞ� ďĞĂŵ� ĚĞƉĞŶĚŝŶŐ� ŽŶ� ƚŚĞ� ŐĂŝŶ� ŽĨ�
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Ni limits: injector; interaction with 
beam pipe; beam-beam interaction; 
p-pbar: limited by pbar injection 
Constraints: total Ib=kbN1 (ee: RF; 
pp: losses in SC magnets; ppbar: 
pbar injection); transverse size! In 
hadron col: gbεn by injector. 

Stochastic Cooling 
(Simon van der Meer)  
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A mess (or maybe not?) 

Aug 31, 2017 
History of Hadron Collider Physics 16 

W candidate 
in UA1 CD 

The power 
of precision 
tracking 

The action is in the 
transverse plane 



Hermeticity 
 

Calorimeter (inclusive) trigger 
 

Precision tracking 
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SPS legacy: “Intermediate Vector Bosons” 

Aug 31, 2017 
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W candidate 
in UA2 calo 
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Hadron colliders: the physics 

The rendez-vous with the W boson 

Aug 31, 2017 
History of Hadron Collider Physics 19 

It was there, at the right time 
(number of events → rate → 
time of rendez-vous!) 

at the 
right 
mass: 

And with the 
correct spin… 
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Fig. 3. The components of the missing energy parallel and 
perpendicular to the electron momentum plotted versus the 
electron energy for the events found in the electron search: 
(a) without jets, (b) with jets. 

tially no missing energy (fig. 2b) +3, the ones with no 
jets show evidence of a missing transverse energy of 
the same magnitude as the transverse electron energy 
(fig. 3a), with the vector momenta almost exactly bal- 
anced back-to-back (fig. 2a). In order to assess how 
significant the effect is, we proceed to an alternative 
analysis based exclusively on the presence of missing 
transverse energy. 
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Fig. 4. The distribution of the square of the missing transverse 
energy for those events which survive the cuts requiring asso- 
ciation of the central detector isolated track and a struck gon- 
dola in the missing-energy search. The five jetless events from 
the electron search are indicated. 

7. Search for events with energetic neutrinos. We 
start again with the initial sample of 2125 events with 
a charged track of PT > 7 GeV/c. We now move to 
pick up validated events with a high missing transverse 
energy and with the candidate track not part of a jet: 

(i) The track must point to a pair of gondolas with 
deposition in excess o f E  T > 15 GeV and no other 
track with PT > 2 GeV/c in a 20 ° cone (911 events). 

(ii) Missing transverse energy imbalance in excess 
of 15 GeV. 

Only 70 events survive these simple cuts, as shown 
in fig. 4. The previously found 5 jetless events of the 
gondolas are clearly visible. At this point,  as for the 

¢3 The 11 events with an electron and a jet exhibit apT 4 
spectrum with the highest event at PT = 32 GcV/c. 

electron analysis, we process the events at the interac- 
tive facility Megatek: 

(iii) The missing transverse energy is validated, re- 
moving those events in which jets are pointing to where 
the detector response is limited, i.e. corners, light-pipe 
ducts going up and down. Some very evident, big sec- 
ondary interactions in the beam pipe are also removed. 
We are left with 31 events, of which 21 have E c > 0.01 
Egon and 10 events in which E c < 0.01 Egon. 

(iv) We require that the candidate track be well iso- 
lated, that there is no track with PT > 1.5 GeV in a 
cone of 30 °, and that E T < 4 GeV for neutrals in 
neighbouring gondolas at similar ~b angle. Eighteen 
events survive: ten with E c :/= 0 and eight with E c = 0. 

The events once again divide naturally into the two 
classes: 11 events with jet activity in the azimuth op- 
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UA1:	m
W
=81±5GeV

UA2:	m
W
=81±610 GeV

Fortschr. Phys. 37 (1989) 5 365 

290 EVENTS 

0 20 40 60 80 100 120 

pl. 20 GeV 
752 evs 1.1 o v ~ r t l o w l  -.-.w- e" 

S O  -Al l  contributions 

LO . 

< 530 

2 

. 
\ v1 e 

Y 

20 . 

10 . 

0 20 LO 60 80 100 120 

mT tGeV/c2) m T (GeV/c21 
Fig. 14 Fig. 15 

Fig. 14. The transverse-mass (+) distribution of the UA 1 W candidates in the electron 
channel. Background contributions from jet (QCD) fluctuations and W --t 7v decays are 
superimposed on the data points together with the simulation of W + ev decays assum- 
ing mw = 83.5 GeV/c2 (solid curve). The simulation is normalized t o  the number of ob- 
served events 
Fig. 15. The mT distribution of the UA 2 W-sample of 752 events with pTe > 20 GeV/c. 
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P. Sphicas 
Hadron colliders: the physics 

The similarly punctual cousin: the Z boson 
■  The Z boson was there 

as well 
◆  Also at the right time 

◆  At the right mass 

Aug 31, 2017 
History of Hadron Collider Physics 20 



P. Sphicas 
Hadron colliders: the physics 

Jets in proton-antiproton collisions 
■  Even the gluon was still there – in three-jet events! 

Aug 31, 2017 
History of Hadron Collider Physics 21 



P. Sphicas 
Hadron colliders: the physics 

SPS legacy: strong interaction 

Aug 31, 2017 
History of Hadron Collider Physics 22 

Partons inside protons do 
scatter a la Rutherford! 

And the QCD “scaling 
violations” are, 
actually, visible – Q2 
dependence 



P. Sphicas 
Hadron colliders: the physics 

SPS: we learned a lot more as well 
■  ≤ 6neutrinos! 

◆  From W width 
■  And B mesons mix a 

lot: 
◆  Observation of µ+µ+ 

and µ–µ– events: 

Aug 31, 2017 
History of Hadron Collider Physics 23 
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was also taken from the Monte Carlo with a + 50% 
error based on the uncertainty in the parametnsa-  
tlon o f  the charm framentatxon function The uncer- 
tainties on the measured beauty and charm muonlc 
branching ratios ~7 were propagated to determine the 
errors on the fraction of  events from first- and sec- 
ond-generation beauty decays The calculated back- 
ground dlstrlbuttons were used, with an 18% error 
on the normalization The likelihood curve is shown 
In fig 2, giving X = 0 121 + 0 047 The alternative o f  
no mixing (X = 0) is dlsfavoured relative to the best 
fit for X with a likelihood ratio of  1 73 or 2 9 stand- 
ard deviations 

The mixing parameter Z measured in this analysis 
is an average over all beauty states as in ref [ 14] 
Oscillations can only occur for the neutral meson 
states B ° and B ° and we define mixing parameters Xd 
and Xs for these mesons to be 

0 - 0  Xd(s) =Prob(Bd(,)  ~Bd(s)) 

BR(B°(s) --,Ix- + X) 
-BR(B°(s )  ~IX-+ + X) 

They are related to X by 

(BR) 0fdXd (BR) J~X, 
Z -  <BR)  + ( B R )  ' 

where (BR)d ~ are the muomc branching ratios for 

I I I I I 
o 7 10 ) 

6 
o L 5 ~4 ¢:) 102 3o" 

I0 °  0 
0 01 02 03 01+ 

X = Fracflon of Wrong Sign 

Beauty Hadron Decays 
Fig 2 LNellhood raUo as a function of X, resulting from a fit to 
the PT distributions of first- and second-generation bb decays, ~c 
decays, and &muon background The nghthand scale shows the 
logarithm of the hkehhood ratio The hkehhood ratio values cor- 
responding to 1,2 and 3 standard deviations are represented as 
horizontal hnes 

B ° and B ° decays, ( B R ) =  ~'~BR, is the muonlc  
branching ratio for all beauty states, t, and fd(s) are 
the fractions o f  beauty quarks hadronlzmg into 
B °(st mesons Most o f  these quantities are unknown 
Based on measurements of  the K+/x  + ratio at large 
PT at the ISR [27],  reflecting the probablhty that a 
scattered u quark picks up an ~ or a in the fragmen- 
tation process, we assume that fd = 0 40 andf~= 0 20 
Thus, for example, talong Xo = 0 0 and Xs = 0 5 (max- 
imal B ° mixing) and equal seml-leptomc branching 
ratios for the different beauty particles, we get 
X = 0 10, consistent wtth the measured value 

Our result is consistent with experiments at e+e - 
colhders, which exclude substantial mixing in the 
B°,--,B ° channel, tf we assume that mixing occurs 
mainly in the B ° ~ l )  ° system We express all results 
in terms of  the mixing parameters 

BR[B°(s)-)IX - + X  ] Zd(~) 
rd(s> -- BR[B°( , ) - - )g+X] - [ 1 --Xd(s)] 
In fig 3 we show the 90% confidence level limits for 
rd and r, coming from ARGUS [ 13 ] and M A R K  II 
[ 14] as well as from our own measurement,  calcu- 
lated for fd = 0 40 and f,  = 0 20 and equal seml-lep- 
tonic branching ratios for all beauty particles The 
allowed region overlaps with the theoretical predic- 
tions rd--0 and r , = 0  33-0  89 [ 10] 
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02 01+ 06 08 10 

rs 

Fig 3 Limits on rs and rd at 90% confidence level, from Argus, 
Mark II and UA1 The mzxlng parameters rs and rd are the ratios 
of wrong-sign to right-sign B ° and B ° decays, respectwely The 
curves for Mark II and UAI are for fd=0 40 andf~=0 20, where 
fd and f~ are the fraeUons of beauty quarks hadromzmg into B ° 
and B ° mesons, respectively We assume equal sem~-leptonlc 
branching ratios m the muon channel (12%) for all beauty states 

252 

Volume 262, number 1 PHYSICS LETTERS B 13 June 1991 

fdd=0.36, f , ,=0.18, 0.5 (a) 

which are estimated using data f rom the ISR, UA2 
and UA5 experiments [ 11 ]. 04 

The A R G U S  [ 2 ] and CLEO [ 3 ] Collaborations 
have measured Zd to be 0 .170+0.054  and 0.154 0.3 
+ 0.056, respectively. The weighted average of  these 
measurements is Za = 0.162 + 0.039. Fig. 4 shows the 
new UA1 mixing measurement  along with the aver- 0.2 
age ARGUS and CLEO measurement and their + 1 a 
bands. The Cabibbo-Kobayash i -Maskawa (CKM)  
line indicates the upper limit on Za as a function ofzs, o.1 
which can be derived from existing limits on the CKM 
matrix elements, assuming the standard model with 0 
three families [ 12 ]. o 

In order to calculate the limit on Zs, the measure- 
ment o f  Za must be combined with the two UA1 mea- 
surements. To do this a log-likelihood fit ofzd  and Z~ 0.5 
is done taking each measurement as a gaussian con- 
straint. This fit produces a probability density func- 
tion in the Zd versus Zs plane. The measured value o f  o.4 
Z~ from the fit is 0.50 + 0.20. However, the probabil- 
ity density function extends into non-physical re- 

0.3 gions (Za,~ < 0.0, Zd,s> 0.5 ). To take this into account 
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0.2 .... The limits shown are at 90% and 95% 

o.1 f renormalized to one over the physical region. In fig. 

o / 
5a, we show the two-dimensional limits at 90% and 

CKU ~ I I 95% confidence levels on Zd versus Zs derived from 
0 o11 0.a 0.3 0.4 o.s the fit. The one-dimensional limits for Zs are 

~$ 
Fig. 4. Plot Ofgd versus X~- The combined UA1 measurement from 
1984-1989 is drawn as well as dotted lines indicating the + la 
bands. The same is shown for the ARGUS and CLEO measure- 
ments. The region below the CKM matrix line is allowed by 
unitarity. 

Zs>0.12 at 95% CL, Z ,>0 .17  at 90% C L .  

The above limits do not coincide with the edges o f  
the ellipses in fig. 5a. This is because the total proba- 
bility outside o f  a 90% CL ellipse is 10% and a verti- 
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was also taken from the Monte Carlo with a + 50% 
error based on the uncertainty in the parametnsa-  
tlon o f  the charm framentatxon function The uncer- 
tainties on the measured beauty and charm muonlc 
branching ratios ~7 were propagated to determine the 
errors on the fraction of  events from first- and sec- 
ond-generation beauty decays The calculated back- 
ground dlstrlbuttons were used, with an 18% error 
on the normalization The likelihood curve is shown 
In fig 2, giving X = 0 121 + 0 047 The alternative o f  
no mixing (X = 0) is dlsfavoured relative to the best 
fit for X with a likelihood ratio of  1 73 or 2 9 stand- 
ard deviations 

The mixing parameter Z measured in this analysis 
is an average over all beauty states as in ref [ 14] 
Oscillations can only occur for the neutral meson 
states B ° and B ° and we define mixing parameters Xd 
and Xs for these mesons to be 

0 - 0  Xd(s) =Prob(Bd(,)  ~Bd(s)) 
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They are related to X by 

(BR) 0fdXd (BR) J~X, 
Z -  <BR)  + ( B R )  ' 

where (BR)d ~ are the muomc branching ratios for 

I I I I I 
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X = Fracflon of Wrong Sign 

Beauty Hadron Decays 
Fig 2 LNellhood raUo as a function of X, resulting from a fit to 
the PT distributions of first- and second-generation bb decays, ~c 
decays, and &muon background The nghthand scale shows the 
logarithm of the hkehhood ratio The hkehhood ratio values cor- 
responding to 1,2 and 3 standard deviations are represented as 
horizontal hnes 

B ° and B ° decays, ( B R ) =  ~'~BR, is the muonlc  
branching ratio for all beauty states, t, and fd(s) are 
the fractions o f  beauty quarks hadronlzmg into 
B °(st mesons Most o f  these quantities are unknown 
Based on measurements of  the K+/x  + ratio at large 
PT at the ISR [27],  reflecting the probablhty that a 
scattered u quark picks up an ~ or a in the fragmen- 
tation process, we assume that fd = 0 40 andf~= 0 20 
Thus, for example, talong Xo = 0 0 and Xs = 0 5 (max- 
imal B ° mixing) and equal seml-leptomc branching 
ratios for the different beauty particles, we get 
X = 0 10, consistent wtth the measured value 

Our result is consistent with experiments at e+e - 
colhders, which exclude substantial mixing in the 
B°,--,B ° channel, tf we assume that mixing occurs 
mainly in the B ° ~ l )  ° system We express all results 
in terms of  the mixing parameters 

BR[B°(s)-)IX - + X  ] Zd(~) 
rd(s> -- BR[B°( , ) - - )g+X] - [ 1 --Xd(s)] 
In fig 3 we show the 90% confidence level limits for 
rd and r, coming from ARGUS [ 13 ] and M A R K  II 
[ 14] as well as from our own measurement,  calcu- 
lated for fd = 0 40 and f,  = 0 20 and equal seml-lep- 
tonic branching ratios for all beauty particles The 
allowed region overlaps with the theoretical predic- 
tions rd--0 and r , = 0  33-0  89 [ 10] 
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rs 

Fig 3 Limits on rs and rd at 90% confidence level, from Argus, 
Mark II and UA1 The mzxlng parameters rs and rd are the ratios 
of wrong-sign to right-sign B ° and B ° decays, respectwely The 
curves for Mark II and UAI are for fd=0 40 andf~=0 20, where 
fd and f~ are the fraeUons of beauty quarks hadromzmg into B ° 
and B ° mesons, respectively We assume equal sem~-leptonlc 
branching ratios m the muon channel (12%) for all beauty states 
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they are weakest in this respect: UA 2 in missing-energy measurement and UA 1 in 
calorimetry. This will be mentioned again in Section 8. 

The result from the mass fit to  19 selected Z -+ p+p- candidates is, as in the case of the 
W-mass determination, consistent with the predicted value and the result obtained in 
the electron channel, but again it suffers from a lack of statistics [28, 841. 

The values of the widths of the Z-mass distributions in the electron channel, are, for 

UA 1: rz = 2.7:::: f 1.3 GeV/c2, (5.5) 

and for 

T:A 2: rz = 2.7 f 2.0 f 1.0 GeV/c2, (5.6) 
both in good agreement with the Standard Model prediction of I', = 2.5 GeV/c2, assum- 
ing that there are three generations of quarks and leptons and that nzt == 44 GeTr/c2. 
Clearly, the large statistical and systematic errors cannot rule out Z decays into light 
neutral particle species. I n  fact, from the upper limits of rz quoted in Table 7. it is 
possible to obtain only a rather generous upper limit of N ,  5 15 (90% CL). In  an in- 
direct way, though a more precise determination of rz is possible. This method [85] 
evaluates the ratio R of the measured cross-section times branching ratios crw. BR(W 
-+ lv)  and crz BR(Z -+ 1+1b) (see Section 6), and compares them with theoretically 
calculated cross-section ratios : 

N ( W  -+ Iv) - OW * BR(W + Iv) - 
N ( Z  + l+l-) UZ * RR(Z -+ l+l-) ' 

(5.7) 

where only rz is unknown (r, is a function of the unknown t-quark mass). With this 
method the systematic uncertainties partially cancel ; the measurement error is essential- 
ly determined by the statistical error in the number of opserved Z. Combining the data of 
UA 1 and UA 2, we obtain 

rz = 2.7:::; GeV/c2, < 3.1 GeV/ce (90% CL) , (5.8) 

from which the upper limit N ,  < 6, as mentioned in the previous section, is derived. 
Note that m, = 44 GeV/c2 is used in these calculations. For higher masses of the t- 

quark the upper limit becomes smaller; in the case where m, 2 mw, we have N, < 5. 
The overall agreement of the mass measurements in the different lepton channels and 

in two different experiments, with each channel having different systematics, proves that 
the resonances found are  genuine and identical. The agreement between data and theo- 
retical prediction within the systematic uncertainties supports the minimal version of 
the Standard Model. Nevertheless, two important properties predicted for W and Z bo- 
sons have still to be demonstrated: the V - A coupling of W and Z to fermions, and the 
universality of the coupling to members of different, generations. 

5.2. Charge asymmetry in IVB decays, and the spin of the W 

Because of the V - A coupling of the W to fermions, we expect to observe a strong 
charge asymmetry of the decay products with respect' to the beam direction. I n  the l v  
channel, the positively charged leptons are predominantly emitted in the antiproton 

C. Stubenraueh: Test of model with weak bosons in UA 1.. .  

which leads to an upper  limit of: 

Re,p < l l -5 at 90% C.L. 

This value is indicated in fig. 3, where we can see that the number of  neutrino families 
is < 5 for a top mass higher than 70 GeV/c. 

By using the upper limit on the total Z decay width: 
/?sup F z  

'"p rW,(mtop) rz,,ot(m,op) - --oxp 
R~ F1 w 

we obtain directly the number of  additional neutrino families AN~: 

AN,. = N,  - 3 < [F~",Pot(mtop) - r3z~,,~o"~(mtop)]/FZ~, 
~ 3  gen/  where i z,tot~mtop) is the total Z width expected theoretically for 3 neutrino genera- 

tions. 

10 ~ I - - - -  t - - - - - - T ~  

[ UA1 ')0~ E.L / 

z 
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Fig. 4. Upper limit N v on the number of neutrino gener- 
ations as a function of the top quark mass obtained 
from UAI data and from combined UA1 and UA2 data. 

Figure 4 shows the upper limit N~ on the number of  neutrino generations as func- 
tion of the top quark mass for the "pessimistic" value R~ = 3.10 for the Rexp value 
measured by UA1 (90% C.L.). By taking into account also the information on Rex p 
provided by UA2 [14], the limit on the number of  neutrino generations is 6 for 
a small top mass ( Z 4 0  GeV/c 2) and decreases to 3 for a large top mass (>~Mw) 
(95% C.L.). 

3. T E S T S  O F  T H E  E L E C T R O W E A K  S E C T O R  

3.1. M a s s e s  a n d  S t a n d a r d  M o d e l  p a r a m e t e r s  

The W and Z masses are obtained independently for the different decay channels. 
The Z mass is determined by performing a maximum likelihood fit of  a Breit Wigner 
smeared by experimental resolution on the dilepton mass distribution. Figure 5 

2 7 2  Czech. J. Phys. B 39 (1989) 
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Figure 13: Event display of a mono-jet event in the UAl detector. Only tracks 
with pt > 1 GeV/c and calorimeter cells with Et > 1 GeV are displayed. 

Figure 14: W transverse momentum distribution for the UAl W -+ eu and 
W —• \iv data samples, corrected for detector acceptance and resolution. The 
full curve is the modified ISAJET spectrum used for the missing energy analysis. 
The shaded region is the result of the perturbative QCD calculation[81]. 
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It was statistics + LO QCD… 
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rate a t  these pTw values is roughly one order of magnitude smaller, and according to the 
authors of Ref. [97] it is not possible to adjust QCD parameters in such a way as to force 
the theoretical curve in Fig. 36 to be much harder in the tail. Taking into account ex- 
perimental uncertainties in the determination of pTw, these two events are still statisti- 
cally compatible with the QCD prediction (the predicted number of events is - 1 for pTw 
> 60 GeV/c and -0.2 for pTw > 80 GeV/c). However, their topology is not compatible 
with them being from W + gluon radiation. Alternative interpretations w-ill be given in 
the last two subsections. A significant excess of events with large pTw or pTz, compared 
with theoretical expectation, would signal new physics beyond the Standard Model, but 
any conclusions seem to be premature a t  this stage. Clearly, with higher statistics and 
improved detectors this observed excess will be either verified or rejected. 

0 20 40 60 80 100 120 

py (GeV/c) 

Fig. 36. Tail of the transverse-momentum distribution of W bosons measured by UA 1 
[95] and UA 2 [96] compared with theoretical predictions from BAWA et al. [97]. The 
two curves of the theoretical calculations represent the choice of different values of 
A,,, (see text) 

6.3.2. Jets  in IVB events 

The QCD-improved Drell-Yan picture predicts that IVBs produced a t  high p ,  recoil 
against one or more gluons radiated off the incoming annihilating quarks. If these gluons 
are sufficiently energetic and are emitted a t  sufficiently large angle to the beam direc- 
tion, they will be observed as hadron jets balancing the transverse momentum of the 
IVB. In  practice, in about 35% of the observed W's and Z's, one or more hadronic jet,s 
with pTj > 5 GeV/c are found by the individual jet algorithms of UA 1 [99] and UA 2 
1291. As expected, the fraction of events with IVBs in association with jets rises with 
increasing pTw, and from about 16 GeV/c onwards essentially all events contain at 
least one jet. Since these jets are supposed to be derived mainly from initial-state gluon 
bremsstrahlung, their angular distribution is expected to be strongly peaked in the 
direction of the incoming partons, which is naturally approximately the direction of the 
beam. This can be seen in Fig. 37, where the disbribution of cos 8*, measured by UA 1 ,  
is slivwn; 8* is the polar angle between the jet axis and the beam direction in the W-jet 
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M m:vB). I n  its two-jet data taken a t  fi = 630 GeV, UA 2 observed an enhancement 
(Fig. 22) in the invariant mass distribution in the region 65 GeV/c2 to  105 GeVlc2, after 
having applied a few acceptance cuts and jet selection criteria [72]. The mass resolution 
of 10% is not sufficient to separate the W and Z signals (since their mass difference is too 
small compared with this resolution), but nevertheless makes it possible to  extract a 
signal with a significance of 3a above a large QCD background. Note, however, that an 
upward statistical fluctuation of the signal, counting 632 & 190 events compared with 
the expectation of 340 80 events, increased the significance by 1 . 4 ~ .  I n  UA 1 the 
high trigger threshold on jet energies did not allow the study of jet-jet masses below 
-70 GeVlc2, thus leaving too short a lever arm below mw to  find a resonance-like struc- 
ture on t80p of the large QCD background. 

4 0  50 60 80 100 120 150 

mil lGeV/c21 

Fig. 22. The UA 2 jet-pair mass distribution of events passing the selection criteria as 
described in Ref. [72]. The smooth curves are the results of the best fit to the strong 
interaction background alone (curve a) or including two Gaussians describing W and Z 
decays (curve b) 

UA 1 has tried to extract B W or Z signal from the semileptonic decay into muons of 
heavy flavours deriving from W -+ cB, Z -+ bb, cS: [73]. It turns out that the expected 
signal, after all cuts on background, is too small to be significant. 

The above results indicate that multijet spectroscopy, which it is anticipated will be 
an important tool at future colliders and for which W and Z jet decays could provide a 
mass calibration, is within the scope of UA 1 and UA 2 and could be performed with the 
higher-resolut,ion upgraded detectors (see Section 8). Efficient flavour-tagging with little 
background will, however, require more sophisticated detector technology than is a t  
present available. 

Finally, the question arises whether the t-quark has a sufficiently low mass for it to 
appear in the decays 

W+ -+ tTd, W- +tb,  and Z -+ t?.: (4.4) 
Whereas, given the lower mass limit quoted by UA 1, it seems unlikely that the Z wdl 
decay into top, the corresponding W decay modes cannot be ruled out. The uncertainty 
on the t,op mass has implications for the cross-section determination of IVBs, as will be 
discussed in the following subsections. 

Special 
trigger 
(low-pT 

jets) 

Near the end, UA1 was running without EM 
calorimeter… The previous one had been 
removed, to make room for a new U-TMP 
calorimeter (prompted by the noble goal of 

a W mass measurement to ~100 MeV) 
UA1 became a ≈ muon detector;  

UA2 thrived and dominated 
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er ef or edeci ded t o use t he l owest or der cr oss- sect i on.
Theuncer t ai nt i es i n cal cul at i on of t hepr oduct i on cr oss-

sect i on f or t i ar i se f r omt heAQCDand t he r enormal i zat i on
scal e, as st udi ed i n r ef er ence5. For t hi s anal ysi s, " i ol ow" has
nused, def i nedby

( 1( d) 1ow- - _ 0. 7 c; ( t t ) cent w
Thi s i s appr oxi mat el y equal t he - I cy val ue as t abul at ed by
Al t ar el l i et al .

5. 3 Cal or i met er Ener gy Scal e Uncer t ai nt y
euncer t ai nt y on t heabsol ut e scal e of t hecal i br at i on i s

±2%f or hadr ons and ±1%f or el ect r ons. We est i mat e t he
f r act i onal l oss i n accept ance t o be i n t he r ange 3%- 5%
dependi ngon t he t opmass .

5. Syst e at i cs Associ at ed wi t h t he Mont e Car l o
Uncer t ai nt i es f r omf r agment at i on have been i nvest i gat ed

by var yi ng t hepar amet er s of Eur oj et ' s f r agment at i on of l i ght
quar ks and gl uons . Apossi bl e uncer t ai nt y of ±2%has been
est i mat ed f r omt hi s sour ce.

I n t heUA2det ect or si mul at i onMont eCar l o, r esponse t o
par t i cl es i n t hecal or i met er i s par amet er i zedwi t h a f i t t o t est -
beamdat a. By al t er i ng t hi s par amet er i zat i on wi t hi n t he l i mi t s
of consi st ency wi t h t he t est beamdat a, t hepossi bl e f r act i onal
er r or on accept ance was est i mat ed t o be l ess t han 4%.

Fi nal l y, t her e i s uncer t ai nt y i n model l i ng t opevent s due
t o t he si mul at i on of t he "under l yi ng event " , t hose par t i cl es
not di r ect l y associ at ed wi t h t he har d scat t er i ng of par t ons. I n
UA2' s si mul at i ons, t womi ni mumbi asevent s t akon f r omt he
dat a ar e super i mposed on t he Mont e Car l o' s par t oni c event .
Thi s was f oundt o be consi st ent wi t h anal yses ofWand 2- j et
event s . Var yi ngt henumber of t hesesuper i mposedmi ni mum
bi as event s bet ween oneandt hr ee gi ves af r act i onal er r or on
accept ance of l ess t han 5%.

To obt ai n a t ot al f r act i onal syst emat i c er r or on t he
accept ance f or t op, wecombi net heabove uncer t ai nt i es i n t he
most pessi mi st i c di r ect i on. Dependi ng on t he t op mass and
t he pr ocess bei ng consi der ed, t hese f r act i onal er r or s on t he
t opaccept ance var y bet ween 9%and 14%.

6. RESULTS
Usi ngPoi sson st at i st i cs i n t wobi ns cor r espondi ng t o t he

1 and 2- j et - vent sampl es, an upper l i mi t on t oppr oduct i on

was set as a f unct i on of mass. Backgr ound pr edi ct i ons,
accept ance f or t opevent s, andsyst emat i c uncer t ai nt i es wer e
t aken i nt o account f or bot h sampl es. The r esul t i ng upper
l i mi t f or t op pr oduct i on at a 95%conf i dence l evel i s shown
i n Fi gur e 3. Al so pl ot t ed i s t he t heor et i cal l y pr edi ct ed cr oss
sect i on, wher e 70%of t he pr edi ct ed t i pr oduct i on r at e has
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MW=80.35±0.33±0.17 GeV 



Passing the baton to Fermilab 
(end of the 80s) 

 
aka “Go west my boy/girl, go west” 
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End of 80s, beginning of 90s: Tevatron 
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Tevatron experiments: a bit of history 
■  CDF: design report in 1981 

◆  US-Italy-Japan collaboration; 87 physicists 
from 13 institutes; construction project in 1983 

◆  Basic concept: magnetic detector (à la UA1); 
great tracking; hermetic but “normal” 
calorimeter coverage; central muon coverage; 
three-level trigger system. 

■  1985: FNAL director call for detector at D0 
◆  … something “small (to fit inside a 9m cube), 

simple, and clever”. Add: moveable to/from 
beam line (D0: fixed target beam extraction); 
12 proposals, all rejected 

◆  D0: 1983 proposal; 71 physicists from 12 
institutes (all US); approved by DOE in 1984 

◆  Basic concept: non-magnetic detector (à la 
UA2); great (compensating) calorimeter (Lar-
U); hermetic muon coverage; same trigger. 

Aug 31, 2017 
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Fixing the design

First annual DØ

 

workshop MSU July 1984

1984: DOE did a baseline review (Temple+Lehman) of the design & cost.   
DØ

 

became an DOE approved project (but still with little money).

The 1984 design was essentially 
what we finally built.

(Note the Main Ring

 

threading the 
calorimeter!  No funds to build a 
bypass.)

16
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Tevatron evolution 
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1987:  First CDF physics Run 0 (4 pb-1)

1992 –

 

1996:   Run 1 with both CDF and DØ

 

(120 pb-1) 1.8 TeV

2001 –

 

2011:   Run 2 (~12,000 pb-1) 100x Run 1

 

1.96 TeV

26years ago, in winter 1984-5, the Tevatron 

Collider  was being commissioned and dedicated.

October 14, 1985:  First collisions were 

recorded in the (partially complete) CDF 

detector.  DØ

 

was still a hole in the ground.

The Tevatron Program 

First collisions: CDF, Oct 1985 

1987:  First CDF physics Run 0 (4 pb-1)

1992 –

 

1996:   Run 1 with both CDF and DØ

 

(120 pb-1) 1.8 TeV

2001 –

 

2011:   Run 2 (~12,000 pb-1) 100x Run 1

 

1.96 TeV

26years ago, in winter 1984-5, the Tevatron 

Collider  was being commissioned and dedicated.

October 14, 1985:  First collisions were 

recorded in the (partially complete) CDF 

detector.  DØ

 

was still a hole in the ground.

The Tevatron Program 

And D0 was just starting… 

1987: Run 0; first run, CDF,  
 4pb–1 @ 1.8 TeV 

1992-96: Run 1; CDF & D0,  
 120 pb–1 @ 1.8 TeV 

2011: Run 2; upgraded CDF&D0 
 12 fb–1 @ 2.0 TeV  

23 events 

Run I begins
Feb. 14, 1992:  DØ

 
gathers to help push 
the detector into the 
collision hall

Feb. 15; at rest in collision hall  
6 inches to spare under the lintel !

13

May 12, 1992:

 

First pp collisions in DØ.  
Almost 9 years to form the collaboration, 
design, test, build, install and debug and 
~$75M EQ funds (+R&D, operations)

The celebration had to wait until midnight 
due to the DOE Tiger Teams on site.

Run I continued to Jan. 1996 with 0.12 fb��

 
luminosity delivered.

-
1992: start 

of Run I; 
May 12, 
1992:  
first 

collisions at 
D0! 
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The Tevatron… W/Z physics, next-gen! 
■  Higher Energy: big difference in 

production cross section of 
massive particles + high 
luminosity : Huge samples 

Aug 31, 2017 
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W boson transverse 
mass distribution from 
D0, circa 1997: 33,000 
W candidates! 
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The true novelty: silicon vertex detector 

Aug 31, 2017 
History of Hadron Collider Physics 31 

1981

The SVX was the first 
silicon vertex detector and 

gave CDF a whole new 
physics capability 

DØ

 

Forward Preshower

 module at the Museum of 
Modern Art, New York

Detectors as Art 

CDF Run I Silicon Vertex Detector at 
the Smithsonian Museum, Washington

Smithsonian 
Museum, 

Washington 
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Towards the top quark 
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D0 top-quark specimen

12

D0 tt candidate 

CDF top-quark specimen

13

CDF tt candidate 
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M
as

s 
(G

eV
)

Year

Top mass in the electroweak theory

1580’s: Mt>23 GeV (Petra); 30 GeV (Tristan)  
1984: Weak evidence for W→tb @ mt~40 
GeV (UA1) 
1990: mt > 91 GeV (CDF) so no W→tb  
1994: mt > 131 GeV (D0)  
4/1994: CDF evidence mt~175 GeV, 2.8σ. 
7/1994: DØ sees ~2σ.  
Feb. 17, 1995: CDF warning → 1 wk clock.  
Feb. 24, 1995: CDF and DØ discovery 
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The Tevatron discovery: the top quark (I) 
■  The crowning moment for the Tevatron experiments: 

the observation of the Top quark 
◆  The most complicated signature up to that point in time; 

leptons, jets, missing transverse energy, and b-tagging! 
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The Tevatron discovery: the top quark (II) 
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March 2, 1995:  

Joint seminar 

announcing the 

top quark 

discovery

See article SLAC Beam Line, 25, #3 (1995) for more on the discovery.

In an editorial, Bjorken

 

wrote of the race to discovery and the need for 2 

collaborations, He commented on the oft-corrosive relations between groups 

making simultaneous discoveries and wrote: “…

 

the ensuing CDF/DØ

 
competition has been a class act.”

(Again confirming the need for more than one experiment)

Top quark
Discovery

Mar 2, 1995 

3 Cecilia E. Gerber (UIC) – LHCP 2015 

 Top Quark 

 
Successful Tevatron program  
Pioneering of analysis techniques  
Complementary to LHC thanks to pp 
initial state 
Less pile-up effects than LHC 
Excellent agreement with SM predictions 

1995: Discovered @ the Tevatron 
 

PRL 74, 2632 (1995)      PRL 74, 2626 (1995) 
 

Today: thousands of events used for 
precision measurements & searches  
 

p 

p t 
b 

W� 

q 

q� 

t b 

W+ 

l+!

ν

X 

Production  
cross-section 

Resonant  
production 

Production  
kinematics 

Top Spin  
Polarization 

Top Mass W helicity 

|Vtb| 

Branching Ratios 

Rare/non SM Decays 

Anomalous  
Couplings 

CP violation 
Top Spin 

Top Charge 

Top Width 

_ _ 
_ 

_ 

CDF: Prob=1x10–6 (4.8σ) 

D0:  
Obs: 17 evts; 
Exp bkg: 3.8±0.6 
Prob=2x10–6 (4.6σ) 
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And then came the rich B physics program 
■  Directly “see” B meson decay; also flavor-tag (B/B-bar) 
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Jewel of B physics @ hadron colliders: Bs 
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N. Leonardo, CERN-PH CERN Seminar

proper decay time, t [ps]
0.0 0.5 1.0 1.5 2.0

p
ro

b
a

b
il

it
y

 d
e

n
s

it
y

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(ideal scenario)

 total 

 mixed 

 unmixed 

Realistic Effects oscillation dampening

proper decay time, t [ps]
0.0 0.5 1.0 1.5 2.0

p
ro

b
a
b

il
it

y
 d

e
n

s
it

y

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(realistic scenario)

 total 

 mixed 

 unmixed 

σA =

√

2

ϵD2

√

B + S

S
e
(∆m σt)

2/2

resolution of mixing signal

• signal yield, S

• purity, S/B

• flavor tagging power, εD2 

• proper time uncertainty, σt

‣ decay-length resolution

‣ effective momentum resolution

N. Leonardo, CERN-PH CERN Seminar

Hadronic samples   

• fully reconstructed peak

‣ ‘golden mode’
 (narrow Φ, low comb. bkg)

• partially reconstructed
‣double signal yield

‣soft ϒ and π0 lost

‣but nearly fully reconstructed

(fraction of rec’d pT ~96%)
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The surprise: very high precision on MW 

■  A measurement with a relative error of 0.24x10-3 
◆  MW = 80387 ± 19 MeV/c2 (→ ± 12 (stat.) ± 15 (syst.)) 
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Tevatron: sole source of t quarks 
for ~10 years 
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Tevatron Vtt combination

9/20/2016 S. Tokar, Top 2016, Olomouc U 6

Combination of measurements of        in the dilepton, A + jets, and all-jets final states,
using data collected by the CDF and D0 collaborations,  

ttV
  1.96TeVpp s  collision at

7.60 ± 0.41 pbttV  Combined Cross section:                                             5.4% rel. uncertainty

9 The latest D0 result not included in Tevatron combination
9 The CDF full statistics result is in preparation!

PRD 89, 072001 (2014)*

New combination
is expected !

		σ tt
=7.60±0.41pb

Δσ/σ = 5.4% 

3 Cecilia E. Gerber (UIC) – LHCP 2015 

 Top Quark 

 
Successful Tevatron program  
Pioneering of analysis techniques  
Complementary to LHC thanks to pp 
initial state 
Less pile-up effects than LHC 
Excellent agreement with SM predictions 

1995: Discovered @ the Tevatron 
 

PRL 74, 2632 (1995)      PRL 74, 2626 (1995) 
 

Today: thousands of events used for 
precision measurements & searches  
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20Top quark physics at the TeVatronA. Jung

 Latest Tevatron combination
 Using BLUE, include correlations

δm
t
/m

t
 = 0.37%m

t
 = 174.34 ± 0.64 GeV

(stat. + JES + syst.)

m(t): Tevatron combinationm(t): Tevatron combination

[arXiv:1407.2682]

		mt
=174.34±0.64 GeV
Δm/m = 0.37% 

9

0 1 2 3 4

Tevatron Run II single top quark summary

Cross section [pb]
 = 172.5 GeV tm

Measurement Cross section [pb]
s-channel:

t-channel:

s+t:

[25]CDF   -0.32
 +0.371.36

[22]D0   -0.31
 +0.331.10

[26]Tevatron   -0.24
 +0.261.29

[21]CDF   -0.36
 +0.381.65

[22]D0   -0.49
 +0.543.07

[this Letter]Tevatron   -0.31
 +0.292.25

[21]CDF   -0.48
 +0.493.02

[22]D0   -0.55
 +0.604.11

[this Letter]Tevatron   -0.40
 +0.523.30

Theory (NLO+NNLL) [9,12]

FIG. 3: Measured single-top-quark production cross sections
from the CDF and D0 Collaborations in different produc-
tion channels and the Tevatron combinations of these analyses
compared with the NLO+NNLL theoretical prediction [9, 12].
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FIG. 4: Posterior probability distribution as a function of
|Vtb|

2 for the combination of CDF and D0 analysis channels.
The arrow indicates the allowed values of |Vtb|

2 corresponding
to the limit of |Vtb| > 0.92 at the 95% C.L.

Together with the combined s-channel cross section [26],
this completes single-top-quark cross-section measure-
ments accessible at the Tevatron. All measurements
are consistent with SM predictions [9, 12]. Finally, we
extract a direct limit on the CKM matrix element of
|Vtb| > 0.92 at the 95% C.L. As a result, there is no
indication of sources of new physics beyond the SM in
the measured strength of the Wtb coupling.
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uncertainty in the individual cross sections are derived
through the 1D posterior probability functions obtained
by integrating the 2D posterior probability over the other
variable. The most probable value of σt is 2.25+0.29

−0.31 pb.
The measurement of σs+t is performed without making
assumptions on the ratio of σs/σt by forming a 2D poste-
rior probability density distribution of σs+t versus σt and
then integrating over all possible values of σt to extract
the 1D estimate of σs+t. The combined cross section is
σs+t = 3.30+0.52

−0.40 pb. The total expected uncertainty on
σs+t is 13%, the expected uncertainty without consid-
ering systematic uncertainties is 8%, and the expected
systematic uncertainty is 10%. The systematic uncer-
tainty from the limited precision of top-quark mass mea-
surements is negligible [17, 22]. Figure 2 also shows the
expectation from several beyond the SM (BSM) models.
Figure 3 shows the individual [21, 22] and combined (this
Letter) measurements of the t- and (s+ t)-channel cross
sections including previous measurements of the individ-
ual [22, 24] and combined [26] s-channel cross sections.
All measurements are consistent with SM predictions.

The SM single-top-quark production cross section is
directly sensitive to the square of the CKM matrix ele-
ment Vtb [9, 12], thus providing a measurement of |Vtb|
without any assumption on the number of quark families
or the unitarity of the CKM matrix [38]. We extract |Vtb|
assuming that top quarks decay exclusively to Wb final
states.

We start with the multivariate discriminants for the
s and t channels for each experiment and form a
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FIG. 2: Two-dimensional posterior probability as a function
of σt and σs with one s. d. (68% C.L.), two s.d. (95%
C.L.), and three s. d. (99.7% C.L.) probability contours
for the combination of the CDF and D0 analysis channels
compared with the NLO+NNLL theoretical prediction of the
SM [9, 12]. Several BSM predictions are shown, a model
with four quark families with top-to-strange quark coupling
|Vts| = 0.2 [5], a top-flavor model with new heavy bosons with
mass mx = 1 TeV [6], a model of charged top pions with mass
mπ± = 250 GeV [6], and a model with flavor-changing neu-
tral currents with a 0.036 coupling κu/Λ between up quark,
top quark, and gluon [6, 54].

Bayesian posterior probability density for |Vtb|2 assum-
ing a uniform-prior probability distribution in the region
[0,∞] corresponding to a uniform prior density of the
signal cross section. Additionally, the uncertainties on
the SM predictions for the s- and t-channel cross sec-
tions [9, 12] are considered. The resulting posterior prob-
ability distribution for |Vtb|2 is presented in Fig. 4. We
obtain |Vtb| = 1.02+0.06

−0.05. If we restrict the prior to the
SM region [0,1], we extract a limit of |Vtb| > 0.92 at the
95% C.L.
In summary, using pp̄ collision samples corresponding

to an integrated luminosity of up to 9.7 fb−1 per experi-
ment, we report the final combination of single-top-quark
production cross sections from CDF and D0 measure-
ments assuming mt = 172.5 GeV. The cross section for
t-channel production is found to be

σt = 2.25+0.29
−0.31 pb.

Without assuming the SM value for the relative s- and
t-channel contributions, the total single-top-quark pro-
duction cross section is

σs+t = 3.30+0.52
−0.40 pb.
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FIG. 3: Measured single-top-quark production cross sections
from the CDF and D0 Collaborations in different produc-
tion channels and the Tevatron combinations of these analyses
compared with the NLO+NNLL theoretical prediction [9, 12].
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FIG. 4: Posterior probability distribution as a function of
|Vtb|

2 for the combination of CDF and D0 analysis channels.
The arrow indicates the allowed values of |Vtb|

2 corresponding
to the limit of |Vtb| > 0.92 at the 95% C.L.

Together with the combined s-channel cross section [26],
this completes single-top-quark cross-section measure-
ments accessible at the Tevatron. All measurements
are consistent with SM predictions [9, 12]. Finally, we
extract a direct limit on the CKM matrix element of
|Vtb| > 0.92 at the 95% C.L. As a result, there is no
indication of sources of new physics beyond the SM in
the measured strength of the Wtb coupling.
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7Top quark physics at the TeVatronA. Jung

 Combine CDF (l+jets and MET+jets) & D0 discriminants (l+jets)
 Include all systematic uncertainties and correlations

 First observation of s-channel single 

top (6.3 s.d.)

Single top productionSingle top production

Phys. Rev. Lett. 112, 231803 (2014)

Plus some new techniques 
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Z→bb 

QCD 

Protons are made of quarks and gluons.  When 

these collide, the emerging jets, photons, or 

W/Z bosons, reveal the makeup of the proton, 

and probe the QCD strong force.

Quark/gluon scattering yields jets of collimated 

particles with up to 2/3 of the incoming proton 

momenta.  Studies confirm QCD at the 

attometer

 

(10�18

 

m) scale and refine our 

understanding of the proton’s constituents.

(Measurements of W/Z bosons + jets have been essential for understanding 

backgrounds to rare processes)

The angular separation of jets enables a measurement of 

the strong coupling ‘constant’

 

as a function of jet 

transverse momentum to pT

 

=400 GeV.  This is a 

textbook plot confirming the central prediction of QCD

10

αS measurement  MVA and single-top 
ANRV391-NS59-20 ARI 16 September 2009 14:57

comparable with the current world average, whereas for ACP(B+ → J/ψK+) the precision is better
by a factor of two with respect to the current world average.

The CDF Collaboration has measured branching fractions and time-integrated direct CP
asymmetries in B 0 and B0

s decay modes into pairs of charmless charged hadrons B0
(s ) → Kπ

(83). The recent measurements at the B factory experiments show a discrepancy between the
asymmetries observed in the neutral ACP(B 0 → K+π−) and charged modes ACP(B+ → K+π0)
(59). Thus, CP asymmetry in the B0

s → K −π+ mode is a useful probe (110) of the source of
direct CP violation in B mesons in the SM AC P (B0

s → K −π+) and is naı̈vely expected to be the
same as ACP(B 0 → K+π−). However, the contributions of the color-suppressed diagram and the
electroweak penguin could significantly alter this prediction. The B0

s → K −π+ mode is also used
to measure the CKM angle γ (111). The current value of γ = arg(V∗

ub ), dominated by the analysis
of B → DK , is still poorly measured, with γ = (76.8+30.4

−31.5)◦ (112).
The B meson candidates were reconstructed in the two-body decay mode assuming the pion

mass for each decay product in a sample corresponding to 1 fb−1. The expected contributions
to the signal from the B 0 → K+π− and B 0 → π+π− decays, as well as the B0

s → K −π+ and
B0

s → K +K − decays, overlap into an unresolved mass peak. Therefore, an unbinned likelihood
fit combining kinematic and particle identification information was performed to statistically
determine the contribution of each mode and to measure the CP asymmetry of the B 0 → K+π−

and B0
s → K −π+ modes. Figure 16 shows the dipion mass distribution with various contributions

to the signal separated through the fit.
In addition to the decays of B 0 → π+π−, B 0 → K+π−, and B0

s → K +K − that were pre-
viously observed by CDF (113), three new rare decay modes were observed for the first time. These
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Reconstructed ππ mass for B → h+h−′ candidates, where h is either K or π .
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There was also excitement... (I) 
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Compositeness? 

Nope; mainly PDFs… 
(plus JEC/JES) 

 44.8 GeV

e1
ET = 36 GeV

γ2
ET = 30

GeV

e Cand ida te
ET = 63 GeV

γ1
ET = 36 GeV

 eeγγETCand ida te Event

ET = 55 GeV

SUSY? Selectron pairs?   

Nope; stats…(?) 

Bkg:  
~10–6 

14Top quark physics at the TeVatronA. Jung

 CDF and D0 measure the kinematic dependence of A
FB 

 Kinematic dependencies larger than “currently” predicted by SM
 Good agreement of D0 data with most recent pQCD @NNLO

Top quark asymmetriesTop quark asymmetries

AFB → Z’? 
 Interference appears at NLO QCD:

    → Only occurs in qq initial state; gg is fwd-bwd symmetric 

 This is a forward-backward asymmetry at Tevatron
 No valence anti-quarks at LHC → t more central

SM predictions at NLO (QCD+EWK)   

→ Tevatron: A
FB

 ~ 8-9 % vs. LHC: A
C

 ~ 1 %      

→ Update: 10% at NNLO+NNLL

Experimentally: Asymmetries based on decay leptons 
or fully reconstructed top quarks

Positive asymmetry Negative asymmetry

37Top quark physics at the TeVatronA. Jung

“easier”

“harder”

FB

∆y = y
t
 – y

t

Top quark asymmetriesTop quark asymmetries

Nope; stats+the 
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There was also excitement... (II) 
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W+jj events… 
New resonance, X, 
with X→jj and           
mX≈145 GeV? 

Nope; excluded 
by D0… 
Mainly JEC and 
JES and q/g 
differences 
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The end of the Tevatron: the Higgs 
■  By end of Tevatron era: only one missing element in 

the Standard Model, the Higgs boson 

Aug 31, 2017 
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The Higgs Boson Current status

 

(see talk of Aurelio Juste)

Summer 2011:  Analyses with up to 
8.6 fb��

 

of data.  Combination of 
CDF & DØ

 

exclude (at 95% C.L.) 
156<mH

 

<177 GeV

 

and 
100<mH

 

<108 GeV,

 approaching the LEP exclusion limit, 
(<114.4 GeV)

Over time, limits have improved faster than

 L -1/2,

 

due to addition of new channels, 
improved b-tagging, lepton efficiency, jet 
mass resolutions, etc.

CDF + DØ

 

projection; mH

 

=160 GeV

The Higgs Boson Current status

 

(see talk of Aurelio Juste)

Summer 2011:  Analyses with up to 
8.6 fb��

 

of data.  Combination of 
CDF & DØ

 

exclude (at 95% C.L.) 
156<mH

 

<177 GeV

 

and 
100<mH

 

<108 GeV,

 approaching the LEP exclusion limit, 
(<114.4 GeV)

Over time, limits have improved faster than

 L -1/2,

 

due to addition of new channels, 
improved b-tagging, lepton efficiency, jet 
mass resolutions, etc.

CDF + DØ

 

projection; mH

 

=160 GeV

With time, limits improved 
faster than √L: new 
channels, better b-tagging, 
lepton ID/eff, jet 
resolutions… 

Summer 2011: 
108<mH<156 or 

mH>177 

The Higgs Boson Projection

CDF + DØ

 

Projection

Plot is projection for both experiments, with some improvements,

 

many 
of which are accomplished.

�

 

95% C.L. exclusion if no 
SM Higgs to ~185 GeV.

�

 

3V

 

evidence up to ~120 
GeV

 

(where LHC has most 
trouble), and in the region 
150 –

 

175 GeV.

�

 

If see evidence in favored 
low mass region, Tevatron 
provides measurement of 
dominant coupling to bb to 
complement LHC.
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FIG. 4: (color online). The log-likelihood ratio LLR as a
function of Higgs boson mass for all of CDF and D0’s SM
Higgs boson searches in all decay modes combined. The solid
line shows the observed LLR values, the dark long-dashed
line shows the median expectation assuming no Higgs boson
signal is present, and the dark- and light-shaded bands cor-
respond, respectively, to the regions encompassing one and
two s.d. fluctuations around the background-only expecta-
tion. The red long-dashed line shows the median expectation
assuming a SM Higgs boson signal is present at each value
of mH in turn. The blue short-dashed line shows the median
expected LLR assuming the SM Higgs boson is present at
mH = 125 GeV/c2.

ity to separate the two hypotheses is limited. For mH

from 115 to 140 GeV/c2, an excess above two s.d. in
the data with respect to the SM background expectation
has an amplitude consistent with the expectation for a
standard model Higgs boson (dashed red line). Addi-
tionally, the LLR curve under the hypothesis that a SM
Higgs boson is present with mH = 125 GeV/c2 is shown.
This signal-injected-LLR curve has a similar shape to
the observed one. While the search for a 125 GeV/c2

Higgs boson is optimized to find a Higgs boson of that
mass, the excess of events over the SM background es-
timates also affects the results of Higgs boson searches
at other masses. Nearby masses are the most affected,
but the expected presence of H → W+W− decays for a
125 GeV/c2 Higgs boson implies a small expected excess
in the H → W+W− searches at all masses due to the
poor reconstructed mass resolution in this final state.
The upper limit on SM Higgs boson production as a

function of mH is extracted in the range 90–200 GeV/c2

in terms ofRobs
95 , the ratio of the observed limit to the pre-

dicted SM rate. The ratios of the 95% C.L. expected and
observed limit to the SM cross section using the Bayesian
method are shown in Fig. 5 for the combined CDF and
D0 analyses. The observed and median-expected ratios
are listed for the tested Higgs boson masses in Table IV,
as obtained by the Bayesian and the CLs methods.
Intersections of piecewise linear interpolations of the

observed and expected rate limits with the SM=1 line are
used to quote ranges of Higgs boson masses that are ex-

1
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100 120 140 160 180 200
mH (GeV/c2)

95
%
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. L
im

it/
SM Tevatron Run II, Lint ≤ 10 fb-1

SM Higgs combination
Observed
Expected w/o Higgs
Expected ± 1 s.d.
Expected ± 2 s.d.
Expected if mH=125 GeV/c2

SM=1

FIG. 5: (color online). Observed and median expected (for
the background-only hypothesis) 95% C.L. Bayesian upper
production limits expressed as multiples of the SM cross sec-
tion as a function of Higgs boson mass for the combined CDF
and D0 searches in all decay modes. The dark- and light-
shaded bands indicate, respectively, the one and two s.d prob-
ability regions in which the limits are expected to fluctuate in
the absence of signal. The blue short-dashed line shows me-
dian expected limits assuming the SM Higgs boson is present
at mH = 125 GeV/c2.

cluded and that are expected to be excluded. The regions
of Higgs boson masses excluded at the 95% C.L. are 90
< mH < 109 GeV/c2 and 149 < mH < 182 GeV/c2. The
expected exclusion regions are 90 < mH < 120 GeV/c2

and 140 < mH < 184 GeV/c2.
The observed excess for mH from 115 to 140 GeV/c2

is driven by an excess of data events with respect to
the background predictions in the most sensitive bins
of the discriminant distributions, favoring the hypoth-
esis that a signal is present. To characterize the com-
patibility of this excess with the signal-plus-background
hypothesis, the best-fit rate cross section, Rfit, is com-
puted using the Bayesian calculation, and shown in
Fig. 6. The measured signal strength is within 1 s.d. of
the expectation for a SM Higgs boson in the range
115 < mH < 140 GeV/c2, with maximal strength be-
tween 120 GeV/c2 and 125 GeV/c2. At 125 GeV/c2,
Rfit = 1.44+0.49

−0.47 (stat)+0.33
−0.31 (syst)± 0.10 (theory).

The significance of the excess in the data over the
background prediction is computed at each hypothesized
Higgs boson mass by calculating the local p-value under
the background-only hypothesis using Rfit

profile, chosen a
priori, as the test statistic. This p-value expresses the
probability to obtain the value of Rfit

profile observed in
the data or larger, assuming a signal is absent. These
p-values are shown in Fig. 7 along with the expected p-
values assuming a SM signal is present, separately for
each value of mH . The median expected p-values assum-
ing the SM Higgs boson is present with mH=125 GeV/c2

for signal strengths of 1.0 and 1.5 times the SM prediction



The Tevatron 
 

The word “success” does not do justice 
Yet…  the Higgs Boson did not show up 

 
 
 



As far back as in early 90’s, 
people realized a new machine 

would be needed 
 

The Superconducting 
Supercollider (SSC) 

 
aka “the HIGGSatron” 
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The machine what was not meant to be 
■  The dream of the 90s: “today’s physics at the Tevatron, 

tomorrow’s physics at the SSC” 
■  Provided much of the motivation 
for crossing the Atlantic (towards  
the Atlantic in the early 90s 
■  SSC: a machine like no other 

◆  87 km! 40 TeV! (Tevatron was 2 TeV!) 

Aug 31, 2017 
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CATO report 
■  May 92: 

 “Congress soon will be deciding the fate of the 
Superconducting Super Collider—the $11 billion 
Department of Energy atom smasher.  
 After five years of skyrocketing cost estimates and 
increasing skepticism about the scientific merit of the 
SSC, there is now growing support on Capital Hill for 
pulling the plug on what would be one of the most 
expensive science projects ever undertaken by the 
federal government.  
 The administration, however, has been lobbying 
furiously to spare the SSC from the budget knife and 
even proposes a 30 percent increase in the project’s 
budget…” 

Aug 31, 2017 
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A machine for EWSB 
■  Superconducting Supercollider (SSC) √s=40 TeV...  

◆  Would have started in 1999 (!) 
■  So: use existing LEP tunnel at CERN 

◆  Replace: e by p; increase bending power 
➨ Large Hadron Collider 

Aug 31, 2017 
History of Hadron Collider Physics 47 



P. Sphicas 
Hadron colliders: the physics Aug 31, 2017 
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MH ~ 1000 GeV 

EW ≥ 500 GeV 

Eq ≥ 1000 GeV (1 TeV) 

Ep ≥ 6000 GeV (6 TeV) 

→ Proton Proton Collider with Ep ≥ 6-7 TeV 

p pq
q

q
q

Z0

Z0

H
WW

Higgs Production in pp Collisions 

No need for 
p-pbar… 
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pp collisions at 14 TeV at 1034 cm-2s-1 

Interactions/x-ing: 
L=1034 cm–2s–1 
σ(pp) = 70 mb 
� Rinteractions= 7x108 Hz 
Time/BC, Δt = 25 ns 
Interactions/BC=17.5 
80% bunches full: 

17.5x5/4 = 23 
~ 20 min-bias 

events overlap! 
Example: the cleanest 

(“golden”) Higgs 
signature: 

H→ZZ, Z→µµ, H→ 4µ: 

Reconstructed tracks 
with pt > 25 GeV

And this (not the H...) would repeat every 25 ns 
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The LHC challenge 
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LHC challenges: detector design 
■  LHC detectors must have fast response 

◆  Otherwise will integrate over many 
bunch crossings → large “pile-up” 

◆  Typical response time : 20-50 ns 
→ challenging readout electronics 

■   LHC detectors must be highly granular  
◆  Minimize probability that pile-up 

particles be in the same detector 
element as interesting object 

→  large number of electronic channels; 
high cost 

■   LHC detectors must be radiation-
resistant:  
◆  high flux of particles from pp collisions 

→ high radiation environment e.g. in 
forward calorimeters in 10 yrs of LHC: 

●  up to 1017 n/cm2 [107 Gy; 1 Gy = 1 
Joule/Kg) 
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100 million 
channels per 
detector! 
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Going beyond design conditions 
CMS event with 78 reconstructed vertices and 2 muons… 
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H→γγ 
candidate 
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pT(µ)= 36, 48, 26, 72 GeV;  m12= 86.3 GeV, m34= 31.6 GeV 
 

H→ZZ→4μ  
m4μ= 125.1 GeV 

e+: 21 GeV 
e–: 10 GeV 

H→ZZ→2μ2e  
m4l= 126.9 GeV 

H→γγ  

µ+: 43 GeV 

µ+: 24 GeV 

µ PT 
32 GeV e PT 

34 GeV 

MET 
47 GeV 

H→WW→μνeν  

Recall… 



Short-term Outlook  
(LHC at 13-14 TeV & 

at very high luminosity)  
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LHC plan 
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Run 2 

HL-LHC 

Run 3 
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There is power (and physics) 
in these improvements 
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➡Bd,s→μμ - tracking resolution

➡Measurement enabled by tracker upgrade with tracker trigger. Precision can not be 
matched by ATLAS or LHCb

➡The toy experiments also give the following estimates (left 300 fb–1; right 3000 fb–1):
● d!(Bs→µµ): 13%

● d!(Bd→µµ): 48%

● d[!(Bd→µµ)/!(Bs→µµ)]: 50%

● Bd→µµ significance: ≈2.2 σ

● d!(Bs→µµ): 11%

● d!(Bd→µµ): 18%

● d[!(Bd→µµ)/!(Bs→µµ)]: 21%

● Bd→µµ significance: ≈6.8 σ
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matched by ATLAS or LHCb

➡The toy experiments also give the following estimates (left 300 fb–1; right 3000 fb–1):
● d!(Bs→µµ): 13%

● d!(Bd→µµ): 48%

● d[!(Bd→µµ)/!(Bs→µµ)]: 50%

● Bd→µµ significance: ≈2.2 σ

● d!(Bs→µµ): 11%

● d!(Bd→µµ): 18%

● d[!(Bd→µµ)/!(Bs→µµ)]: 21%

● Bd→µµ significance: ≈6.8 σ
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sented. The results take into account the impact of radiation damage and pileup, as well as
the improvement to the detector planned to preserve its capabilities. More complete and de-
tailed projections are given in chapter 10, which also presents the assumptions that went into
producing each result.

The study of the Higgs boson will continue to be central to the program. It will include precise
measurements of the Higgs boson couplings, probing of its tensor structure, and the search
for rare SM and BSM decays. The enormous dataset will give access to all the p-p production
processes and decays of the Higgs boson. Figure 1.10 shows the current CMS results (left) and
a projection for the measurement of Higgs boson couplings in a dataset of 3 ab�1 at 14 TeV
center-of-mass energy (right) as a function of the boson or fermion masses [8, 9]. Compared
to a precision of about 20% on Higgs boson couplings today, percent-level precision can be
reached for most coupling measurements. The coupling to the second-generation fermions will
be probed for the first time measuring the Higgs boson decay to two muons. Measurements of
di-Higgs production with a cross section of about 40 fb will allow the study of the Higgs boson
self coupling.
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Figure 1.10: Observed and projected precision on Higgs boson couplings as a function of boson
or fermion masses.

Figure 1.11 shows the predicted mass distribution for H ! ZZ⇤ to four leptons for the full
Phase-II luminosity with the upgraded CMS detector. This may be compared with the Run-I
result shown in Figure 1.2 of this report, which has less than 1% of the integrated luminosity
shown here.

Higgs boson coupling to charged leptons is a crucial measurement. The coupling to electrons is
too small to measure, but the coupling to t-leptons will be well-measured by the end of Phase-
II. The couplings to the muons, whose branching fraction is only ⇠10�4 will become accessible
at the HL-LHC.

In addition, the role of the Higgs boson in the electroweak symmetry breaking will be tested in
studies of the vector boson scattering processes. These measurements could also be sensitive to
new physics through the triple-gauge couplings (TGCs) and quartic-gauge couplings (QGCs).
Forward-jet tagging will be crucial to efficiently identify these processes. In general, precision
measurements of electroweak observables have played a key role in validating the SM and in
putting indirect constraints on BSM physics.

En route to these: new detector elements that represent 
major new technology & instrumentation breakthroughs 

History of Hadron Collider Physics 
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HL-LHC challenges 

Upgrade several detector components 
Redesign some electronics, Trigger and DAQ 
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Annual dose at HL-LHC: 
similar to total dose from 
LHC start to LS3 

Key to physics: maintain 
detector performance in 
the presence of much 
higher pileup (140-200!) 
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Example of cool new stuff:  
4D reconstruction & Timing Detector 
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Time of flight precision ≃ 30 ps, ∣η∣< 3, pT > 0.7 GeV                                          
“Provide a factor 4-5 effective pile-up reduction” 

•  ≃ 15% merged vertices reduce to ≃ 1.5%  
•  Low pileup track purity of vertices recovered 

VBF H→ττ in 200 p-p collisions 



Long-term Outlook  
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Towards a new machine 
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“Technically limited schedule” 
Next step in energy: driven by magnets… begs for 
more investment on this front 
And of course on new acceleration methods.  

		ψFCC−hh
= c

i
ψ
LHC ,i∑

Pileup: 1000 
Data: 103 PB/s 

FCC: 100 TeV 
HE-LHC: 27 TeV 

12

For the FCC, in particular:
• Guaranteed deliverables:
• study of Higgs and top quark properties, and exploration of EWSB phenomena, with 

unmatchable precision and sensitivity
• tbd: further clarification of the nature of new physics discovered at LHC or elsewhere

• Exploration potential:
• mass reach enhanced by factor ~ E / 14 TeV (will be 5–7 at 100 TeV, depending on 

integrated luminosity)
• statistics enhanced by several orders of magnitude for BSM phenomena brought to light by the 

LHC
• benefit from both direct (large Q2) and indirect (precision) probes

• Provide firm Yes/No answers to questions like:
• is the SM dynamics all there is at the TeV scale?
• is there a TeV-scale solution to the hierarchy problem? 
• is DM a thermal WIMP?
• did baryogenesis take place during the EW phase transition?
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Summary 
■  Over the past 40 years experiments at hadron colliders 

have pushed the energy frontier 
◆  Including pBe collisions, we got three new quarks (c, b, t) two 

gauge bosons (W, Z) and a new boson (H).  The latter appears 
to be a particle like no other! 

■  Currently: the biggest, greatest HEP instrument thus 
far, the LHC and its experiments 
◆  Beautiful physics-producing engines! Plus, a new portal: the 

Higgs boson with mass 125 GeV 
●  We are only beginning to probe its properties 
●  Plus, there are huge reasons to believe that new physics 

should be within reach; just note down the lessons learnt as 
we move towards the next machine(s) 

■  F. Dyson: “New directions in science are launched by 
new tools more often than by new concepts. The effect 
of a concept–driven revolution is to explain old things 
in new ways. The effect of a tool-driven revolution is to 
discover new things that have to be explained!” 


