
Collider Physics



1I.A  Some observables

• rapidity and pseudo-rapidity

• invariant mass

• transverse mass

• MT2
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It is useful to trade the polar angle by the pseudo-rapidity

•Given a 4 vector:

Rapidity and pseudo-rapidity

<latexit sha1_base64="gcKqsTUDVskMeZkMK4vVippzjio="></latexit>

pµ = E(1,� sin ✓ cos�,� sin ✓ sin�,� cos ✓)

we define the rapidity as 

<latexit sha1_base64="jWikpDV/UR2Ft1BokUW0em2uJKQ="></latexit>

y ⌘ 1

2
ln


E + pz
E � pz

�

we define the pseudo-rapidity as 

<latexit sha1_base64="R2b+HI8pbd+AFcXMFIgA8aR4Gn4="></latexit>

⌘ ⌘ 1

2
ln


1 + cos ✓

1� cos ✓

�

Notice that 
<latexit sha1_base64="dkVphHc1vj9/F/EB49h8NPw+XGo=">AAACCnicbVC7TsMwFHXKq5RXgBGEDBUSU5XwascKFsZWog+pqSrHdVqrThzZDiKKOiIWfoWFAYpY+QI2voGfwE2LxOtMR+fcq3vucUNGpbKsdyMzMzs3v5BdzC0tr6yumesbdckjgUkNc8ZF00WSMBqQmqKKkWYoCPJdRhru4HzsN66IkJQHlyoOSdtHvYB6FCOlpY656xCFoKM4jKHTd/l1Aj0u4BA6rja0bnfMvFWwUsC/xJ6SfHl7VP242RlVOuab0+U48kmgMENStmwrVO0ECUUxI8OcE0kSIjxAPdLSNEA+ke0kfWUI97XSTSN4PFAwVb9vJMiXMvZdPekj1Ze/vbH4n9eKlFdqJzQII0UCPDnkRQzqz8e9wC4VBCsWa4KwoDorxH0kEFa6vVxawmmxdHxkw7/kq4T6YcE+KVhV3cYZmCALtsAeOAA2KIIyuAAVUAMY3IJ78AiejDvjwXg2XiajGWO6swl+wHj9BOuGnbY=</latexit>

⌘ ! y for � ! 1
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• It is usual to represent deposit of energy in the           plane(⌘,')

and the separation �R =
p

�'2 + �⌘2

• Largely used due to
d3⇤p

E
= pT dpT d⇥ d�

'with the    (azimuthal angle),      (transverse momentum) and   
being invariant under longitudinal boosts 

d�pT

•  We can write
<latexit sha1_base64="FD5565uRcf/K2pjWE8tsozRENBM="></latexit>

pµ = (ET cosh ⌘, ~pT , ET sinh ⌘)

with
<latexit sha1_base64="RlDQughkCp+GNqwBgmu/F++rcvc="></latexit>

ET =
q

m2 + ~p2T
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• In a hadron collision we call the subprocess COM energy 
<latexit sha1_base64="Lo69iUjts9Fy1RX0bobhc+LhinA=">AAAB9HicbZBLSwMxFIUz9VXrq+rSTbAIrsqMr3ZZdeOygn1AZyiZNNOGZh5N7hTK0F/hwo2gom79Ha7d+W9MpxXUeiDwcc695HLcSHAFpvlpZBYWl5ZXsqu5tfWNza389k5dhbGkrEZDEcqmSxQTPGA14CBYM5KM+K5gDbd/OckbQyYVD4MbGEXM8Uk34B6nBLTl2GogIbF7BLAat/MFs2imwvNgzaBQyfRfbt8fzqvt/IfdCWnsswCoIEq1LDMCJyESOBVsnLNjxSJC+6TLWhoD4jPlJOnRY3ygnQ72QqlfADh1f24kxFdq5Lt60ifQU3+ziflf1orBKzsJD6IYWECnH3mxwBDiSQO4wyWjIEYaCJVc34ppj0hCQfeUS0s4K5VPji08D98l1I+K1mnRvNZtXKCpsmgP7aNDZKESqqArVEU1RNEA3aFH9GQMjXvj2XidjmaM2c4u+iXj7Qv4+5Ym</latexit>p
ŝ

• The four-momentum of the COM is

<latexit sha1_base64="Yku8hom7PHNoc4heSIDU8fCjXYA="></latexit>

pµCM =

p
s

2
(x1 + x2, 0, 0, x1 � x2) =) ŝ = pµCMpCM

µ = x1x2s

•  The CM rapidity is 

•  The rapidities of a particle in CM and LAB frames are related by

<latexit sha1_base64="jZGjuhPjvaj05yQVI9trQ6XXk78="></latexit>

ycm =
1

2
ln

✓
x1

x2

◆

<latexit sha1_base64="wiAyNdn2+dpauw/pJJEZ4HHWhlA=">AAAB/nicbZDLSgMxGIUz9VbrbVRcKRIsgiCUGW/tRii6cdmCrYV2HDJppg1NZoYkIwxDwY0P4saFIm77HO58Bl/C9CKo9UDg45z/Jz/HixiVyrI+jMzM7Nz8QnYxt7S8srpmrm/UZRgLTGo4ZKFoeEgSRgNSU1Qx0ogEQdxj5MbrXQ7zmzsiJA2Da5VExOGoE1CfYqS05ZpbCTyHyW1LKiTgIUzcFPM+dM28VbBGgtNgTyBf3hlUPx92BxXXfG+1QxxzEijMkJRN24qUkyKhKGakn2vFkkQI91CHNDUGiBPppKPz+3BfO23oh0K/QMGR+3MjRVzKhHt6kiPVlX+zoflf1oyVX3JSGkSxIgEef+THDKoQDruAbSoIVizRgLCg+laIu0ggrHRjuVEJZ8XSybENp+G7hPpRwT4tWFXdxgUYKwu2wR44ADYogjK4AhVQAxik4BE8gxfj3ngyXo238WjGmOxsgl8yBl+VQJiK</latexit>

y = y? + ycm

lab in the COM

5



• A useful change of variables is

x1,2 =
p

⌧ e±ycm =)
Z 1

⌧0

dx1

Z 1

⌧0/x1

dx2 =
Z 1

⌧0

d⌧

Z � 1
2 ln ⌧

1
2 ln ⌧

dycm
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Transverse Momentum

7

•  The momentum perpendicular to the bin is a Lorentz invariant

•  It is used to perform many analysis
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•  Missing transverse momentum
<latexit sha1_base64="Gndkc0mNyZnmEzct5yowm2bzPbc="></latexit>

~p miss
T = �

X

jvisible

~p j
T



Invariant mass

• Consider an unstable particle (X = Z, W±, t) decaying X! ab . . .

d�

dMab...
/ 1

(M2
ab... �M2

X)2 + �2
XM2

X

and exhibits a peak for M2
ab... = (pa + pb + . . . )2 = (

Pn
i pi )2 ⇡M2

X

• For the same reason the production ab! X+ anything exhibits a peak
for M2

ab 'M2
X

• If the decays products are observable =) we can reconstruct Mab..., e.g.
Z! e+e�, bb̄, . . .

9



• e+e� ! Z: in this case Me+e� =
p

s

10



• At the CMS pp! Z + X! µ+µ�

much more can be done with dileptons!11



• At the CMS pp! Z + X! µ+µ�

much more can be done with dileptons!11



“colliders can study hadron physics”

12



• LHCb search for LFU violation

13



Transverse mass

this definition uses all we can measure in  the transverse plane

[UA1 and UA2]

• Consider the process 
<latexit sha1_base64="rsUrbfYFQzA3IPyUe7iQ2axcurs=">AAAB/3icbVDLSgMxFM3UV62vUcGNIsEiuCozvtpl0Y3LFmw70BlKJk3b0ExmSDJCGbtw4Y+4caGIy/ob7vwGf8J0WkGtBy73cM695Ob4EaNSWdaHkZmbX1hcyi7nVlbX1jfMza26DGOBSQ2HLBSOjyRhlJOaoooRJxIEBT4jDb9/OfYbN0RIGvJrNYiIF6Aupx2KkdJSy9yJIuiqEDagk3YCXR5Dp2XmrYKVAs4Se0ry5b1R9fN+f1Rpme9uO8RxQLjCDEnZtK1IeQkSimJGhjk3liRCuI+6pKkpRwGRXpLeP4SHWmnDTih0cQVT9edGggIpB4GvJwOkevKvNxb/85qx6pS8hPIoVoTjyUOdmEH90XEYsE0FwYoNNEFYUH0rxD0kEFY6slwawnmxdHpiw1nyHUL9uGCfFayqTuMCTJAFu+AAHAEbFEEZXIEKqAEMbsEDeALPxp3xaLwYr5PRjDHd2Qa/YLx9AYeYmG8=</latexit>

pp ! WX ! e⌫X

but         is not measurable!
<latexit sha1_base64="Eqhz8q2ZkCoLaTfSBTNzAhMCSK4=">AAAB8nicbVDLSgMxFM3UV62vqktFgkVwVWZ8tcuiG5ct2Ad0hpJJM21oJhmSTKEMXfoJblwo4tYP6He48xv8CdNpBbUeuHA4517uvcePGFXatj+szNLyyupadj23sbm1vZPf3WsoEUtM6lgwIVs+UoRRTuqaakZakSQo9Blp+oObqd8cEqmo4Hd6FBEvRD1OA4qRNlLbHRKcROOOy+NOvmAX7RRwkThzUqgcTmqf90eTaif/7nYFjkPCNWZIqbZjR9pLkNQUMzLOubEiEcID1CNtQzkKifKS9OQxPDFKFwZCmuIapurPiQSFSo1C33SGSPfVX28q/ue1Yx2UvYTyKNaE49miIGZQCzj9H3apJFizkSEIS2puhbiPJMLapJRLQ7gqlS/OHbhIvkNonBWdy6JdM2lcgxmy4AAcg1PggBKogFtQBXWAgQAP4Ak8W9p6tF6s11lrxprP7INfsN6+AM3mlYc=</latexit>

~p⌫

•  We can infer that 
<latexit sha1_base64="SAGhEwJirEXNSMceXpwq5NRgZEo="></latexit>

~p ⌫
T ' ~/pT = �

X

j2visible

~p j
T

•  Analogously 
<latexit sha1_base64="y/0+FJ16PabCJyDkL1c5CYO2xCY="></latexit>

E⌫
T = /ET

•  We define the transverse mass 
<latexit sha1_base64="1VfvHQ40fmFKyBQ74Swn4Hk0Dkc="></latexit>

m2
T ⌘ (Ee

T + E⌫
T )

2 � (~p e
T + ~p ⌫

T )2 = 2Ee
TE

⌫
T (1� cos'e⌫)

14

<latexit sha1_base64="cK4akuUdbC5OkVo96juj1HGBJzI="></latexit>

M2
W = (Ee + E⌫)

2 � (~pe + ~p⌫)
2 = 2(EeE⌫ � ~p e

T · ~p ⌫
T � p e

Lp
⌫
L )

• The presence of invisible particle prevents the mass measurement 
in a single event
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• Important property <latexit sha1_base64="UE+Xq+6gJ80Gp9va1FSy3aUWVF8=">AAAB+nicbVDLSsNAFJ3UV62vVMGNm8EiuCqJr3ZZ6sZlC31BG8JkOmmHziRhZqKU2E9x40IRcecn+AXu3PgtTtMKaj1wuYdz7uVejhcxKpVlfRiZpeWV1bXsem5jc2t7x8zvtmQYC0yaOGSh6HhIEkYD0lRUMdKJBEHcY6TtjS6nfvuaCEnDoKHGEXE4GgTUpxgpLblm3oI9RiB3G/Peds2CVbRSwEViz0mhsl//pC/Vt5prvvf6IY45CRRmSMqubUXKSZBQFDMyyfViSSKER2hAupoGiBPpJOnrE3iklT70Q6ErUDBVf24kiEs55p6e5EgN5V9vKv7ndWPll52EBlGsSIBnh/yYQRXCaQ6wTwXBio01QVhQ/SvEQyQQVjqtXBrCRal8dmrDRfIdQuukaJ8XrbpOowpmyIIDcAiOgQ1KoAKuQA00AQY34A48gEfj1rg3nozn2WjGmO/sgV8wXr8ALPeWlw==</latexit>

0  mT  mW

•  It is straightforward the generalization for massive particles

In fact,  remembering that 
<latexit sha1_base64="7z3yAsj/gvkp8URjXalC+nLQ47M="></latexit>

M2
W = 2(EeE⌫ � ~p e

T · ~p ⌫
T � p e

Lp
⌫
L )

however (prove it)
<latexit sha1_base64="KCRX15dnm37H6sAm3jqxFppeRgg="></latexit>

EeE⌫ � p e
Lp

⌫
L � Ee

TE
⌫
T

so
<latexit sha1_base64="2M5lQj9vhFEvSrk1vV93nYShau8="></latexit>

M2
W � 2(Ee

TE
⌫
T � ~p e

T · ~p ⌫
T ) = m2

T

<latexit sha1_base64="j5WMxCvqpm2DtR9KxQ0PEvt+6vE="></latexit>

M2
W = m2

` +m2
⌫ + 2(E`

TE
⌫
T cosh(�⌘)� ~p `

T · ~p ⌫
T )

<latexit sha1_base64="gT6bWn9RdkRHfZT6zSFBDxcW7Hk="></latexit>

M2
T = m2

` +m2
⌫ + 2(E`

TE
⌫
T � ~p `

T · ~p ⌫
T )



• For qq̄0 !W ⇤ ! e⌫ there is a Jacobian peak.

d�̂

dm2
e⌫,T

/ �WMW

(m2
e⌫ �M2

W)2 + �2
WM2

W

1q
m2

e⌫ �m2
e⌫,T

.

tail due to �W

16



MT2

•  A more complex situation is when there are 2 invisible particles

pp! X + l̃+R l̃�R ! X + l+l��̃0
1�̃

0
1

•  For instance in searches for BSM physics

[Lester & Summer hep-ph/9906349]

17

• For each particle
<latexit sha1_base64="R3sQuU3dh7NOPzwy5lioKG0RgFo="></latexit>

M2
T,i = m2

` +m2
�̃i

+ 2(E`
TE

�̃i

T � ~p `
T · ~p �̃i

T )  M2
˜̀



• But we don’t observe the    !!!
<latexit sha1_base64="kCeIk3xcqCqCe+bh8uF3AuU5Oxk=">AAAB8XicbVDLSgNBEJyNrxhfUY+KDAbBU9j1lRyDXjwmYB6YhDA720mGzM4uM7NCWHL0D7x4UMSrP5Dv8OY3+BNONhHUWNBQVHXT3eWGnClt2x9WamFxaXklvZpZW9/Y3Mpu79RUEEkKVRrwQDZcooAzAVXNNIdGKIH4Loe6O7ia+PU7kIoF4kYPQ2j7pCdYl1GijXTb0ox70KJ91snm7LydAM8TZ0Zypf1x5fP+YFzuZN9bXkAjH4SmnCjVdOxQt2MiNaMcRplWpCAkdEB60DRUEB9UO04uHuEjo3i4G0hTQuNE/TkRE1+poe+aTp/ovvrrTcT/vGaku8V2zEQYaRB0uqgbcawDPHkfe0wC1XxoCKGSmVsx7RNJqDYhZZIQLgrFs1MHz5PvEGoneec8b1dMGpdoijTaQ4foGDmogEroGpVRFVEk0AN6Qs+Wsh6tF+t12pqyZjO76Besty+ugpTb</latexit>

�̃
<latexit sha1_base64="quVkZpeh8BasKLeJzp5gUKd9bso="></latexit>

/pT = ~p �̃1

T + ~p �̃2

T
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• We know that 
<latexit sha1_base64="DKEcDmmWV0W1rddcgYPjbur3kXw="></latexit>

M2
˜̀ � max

h
M2

T (~p
`1
T , ~p �̃1

T ),M2
T (~p

`2
T , ~p �̃2

T )
i

unknown

•  The best we can do is
<latexit sha1_base64="GEMDtLH9GHDVJlOvIXh9Le7nmqU=">AAADDXicfVJNb9NAEF2br2K+UpC4cBkRIRWRRrahtBekCCTEpVKRkrZS1rXWm0m8yvoD7zoisvwHuPBXuHAoqrhy54b4M6yTIFFKGGnlt+/Nm9kdb5RLobTr/rDsS5evXL22cd25cfPW7TutzbuHKisLjgOeyaw4jphCKVIcaKElHucFsiSSeBRNXzX60QwLJbK0r+c5BgmbpGIsONOGCjetNuyf+GFFtZAjpChlDXSCS7Lvmw 2+K8XMoYlITdYMeZXXYf+kop2Vhcci9Gp4AutEU+QFVFRJpmKgsZqKHLZ3cg1Nbu1QiWMNtDIt2HtY7IYA+6aMD1vna5rTNa06a1sZ8TF0nLVm/39mvzE7tBCTWAerL9DacZyw1Xa77iLgIvBWoN17ffazt33/9CBsfaejjJcJppqba6uh5+Y6qFihBZdo7lwqzBmfsgkODUxZgiqoFn+zhkeGGcE4K8xKNSzYPx0VS5SaJ5HJTJiO1d9aQ/5LG5Z6vBdUIs1LjSlfNhqXEnQGzdOAkSiQazk3gPFCmLMCj1nBuDYPaDmE57t7z556cBH8HsKh3/V2uu5bM42XZBkb5AF5SLaIR3ZJj7whB2RAuPXB+mSdWl/sj/Zn+8z+uky1rZXnHjkX9rdfyPz3Cg==</latexit>

M2
˜̀ � M2

T2 ⌘ min
~p

�̃1
T +~p

�̃2
T =/pT

n
max

h
M2

T (~p
`1
T , ~p �̃1

T ),M2
T (~p

`2
T , ~p �̃2

T )
io

then we look for endpoints in MT2



• For m˜̀ = 157 GeV and m�̃ = 122 GeV
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assuming the we know
<latexit sha1_base64="iHK8T0G3YVaxZzwX4KjXo6P+nrA="></latexit>

m�̃ = 122 GeV



• For m˜̀ = 157 GeV and m�̃ = 122 GeV
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• To learn more about MT2

1. Lester and Summer: hep-ph/9906349

2. Barr, Gripaios, Lester: arXiv: 0711.4008

3. Cho, Choi, Kim, Park: arXiv:0711.4526



MT2 assisted on-shell (MAOS) reconstruction

• How can we reconstruct pp! X!W+W� ! `+`�/pT?

• MT2 gives information on MW

[Choi,Choi,Lee,Park] 
arXiv: 0908.0079
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<latexit sha1_base64="nN1ulfiRLihbpdusxCRaryskk5I=">AAAB9HicbZBLSwMxFIUzvq2vqgsRN8EiuCpJfXS6E910I1SwWmiHkkkzNZjJjEmmUIb+DjcuFHHrbxF3unHrzzDTKmjxQOBwzr3k8vmx4Nog9OZMTE5Nz8zOzecWFpeWV/Kraxc6ShRldRqJSDV8opngktUNN4I1YsVI6At26V+fZP1ljynNI3lu+jHzQtKVPOCUGBt5rUARmp62q4O0NGjnC6iIEMIYw8zg8iGyplJxS9iFOKusCkfux8vG++dmrZ1/bXUimoRMGiqI1k2MYuOlRBlOBRvkWolmMaHXpMua1koSMu2lw6MHcMcmHRhEyj5p4DD9vZGSUOt+6NvJkJgrPd5l4X9dMzGB66Vcxolhko4+ChIBTQQzArDDFaNG9K0hVHF7K6RXxHIwllNuCOGw7O7vZRDGzQ+Ei1IRHxTRmaVxDEaaA1tgG+wCDMrgCFRBDdQBBTfgFtyDB6fn3DmPztNodML53lkHf+Q8fwGoEZat</latexit>

MH

2



• We can partially reconstruct the neutrinos:

for W+(p1 + p2)W�(k1 + k2)! `+(p1)⌫(p2)`�(k1)⌫(k2)

MT2 ⌘ min
p2T +k2T =/pT

[max {MT (p1T ,p2T ), MT (k1T ,k2T )}]

without ISR: p2
maos
T = �k1T, k2

maos
T = �p1T

• Now we impose the lepton-neutrino pairs reconstruct a W

p2
maos
L (±) =

1
|p1T |2

[p1L A ±
q

|p1T |2 + p2
1L

q
A2 � |p1T |2|p2

maos
T |2

�
,

k2
maos
L (±) =

1
|k1T |2

[k1L B ±
q

|k1T |2 + k2
1L

p
B2 � |k1T |2|k2

maos
T |2

�
,

where A ⌘M2
W /2 + p1T · p2

maos
T and B ⌘M2

W /2 + k1T · k2
maos
T .
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• We can partially reconstruct the neutrinos:

for W+(p1 + p2)W�(k1 + k2)! `+(p1)⌫(p2)`�(k1)⌫(k2)

MT2 ⌘ min
p2T +k2T =/pT

[max {MT (p1T ,p2T ), MT (k1T ,k2T )}]

without ISR: p2
maos
T = �k1T, k2

maos
T = �p1T

• Now we impose the lepton-neutrino pairs reconstruct a W

p2
maos
L (±) =

1
|p1T |2

[p1L A ±
q

|p1T |2 + p2
1L

q
A2 � |p1T |2|p2

maos
T |2

�
,

k2
maos
L (±) =

1
|k1T |2

[k1L B ±
q

|k1T |2 + k2
1L

p
B2 � |k1T |2|k2

maos
T |2

�
,

where A ⌘M2
W /2 + p1T · p2

maos
T and B ⌘M2

W /2 + k1T · k2
maos
T .

MH=180 GeV 23
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<latexit sha1_base64="60LYwvM/Mn77n/x/TTvzbWacbVs="></latexit>

Z 0 ! W+W�
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• A more complex case is H!W1W2 ! `1⌫1 `2⌫2:

M
2
C,WW =

⇣q
p

2
T,`` + M

2
`` + /̃pT

⌘2

� (p̃T,`` + /̃pT)2

an alternative is
MT,WW ⇡ 2

q
p

2
T,`` + M

2
``

MT (GeV) MC (GeV)

MH = 170 GeV

SM is narrow for this mass

1
�

d�

dM



• Let’s consider a more complex case H!W1W2 ! q1q̄2 e⌫: A natural
choice is

M
02
T,WW =

⇣q
p

2
T,jj + m

2
jj +

q
p

2
T,e⌫ + m

2
e⌫T

⌘2

� (p̃T,jje + /̃pT)2

since the W can be o↵shell

W’s can be off shell

• Here we can also “reconstruct” the neutrino, assuming it 
comes from a W

p⌫
L =

1
2pl

T
2

⇢
[M2

W + 2( ~pl
T · ~/pT )]pl

L ±
q

[M2
W + 2( ~pl

T · ~/pT ]2|~pl|2 � 4(pl
T El/ET )2

�

• We can also cluster the electron and jets together

M2
C,WW =

⇣q
p2

T,jje + m2
jje + /p2

T

⌘2

� (p̃T,jje + /̃pT)2
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