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+
Higgs

All objects around us need ONLY 
1st generation

2nd, 3rd generations discovered in 
high energy particle interactions 

But, to begin at the very beginning; what every school 
child knows today… the SM of Particle Physics…
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“Visible” hadrons
(quarks are never seen)



Simplest example of a W mediated decay
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W-mass 
data till 

2021

Pigeons 
living 

peacefully

SM fit 
excluding W-
mass data →
80.356±0.006

within 2σ of 
experimental 
W-mass avg.



SM fit to all relevant data excluding W-mass yields 80.356±0.006
The entry of the CAT
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April 2022 CDF paper with 
FULL data set (4M evts). 

MW = 80.4335 ± 0.0094
differs by around 7σ from 
the SM prediction, and by 

around 4σ from the 
earlier world average.

Note that a 5σ difference 
is sufficient to establish 

NEW PHYSICS



History: Discovery of the W and Z particles 

• W, Z are the carriers of the weak force, W responsible for the 
“charged current” and Z for the “neutral current”. Z was a prediction 
of the Unified EW theory.

• 1973: Indirect discovery of the Z as a neutral current in the CERN 
experiment using the Gargamelle bubble chamber with a neutrino 
beam

• [Rumoured that Nobel was not given for this discovery as one of the 
guiding spirits behind the experiment, Paul Musset, had died and the 
Nobel can’t be given posthumously].
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Hunt for the W and Z: S pbar p S at CERN

• Having indirect evidence of the Z in 1973, CERN designed 
and constructed an anti-proton proton collider (Super pbar p 
Synchrotron) with sufficient c.m. energy (540 GeV, later 630 
GeV) to directly produce the W and Z particles

• UA1 and UA2 (U = Underground) Collaborations led by Carlo 
Rubbia and Pierre Darriulat

• The discovery detection signature was the decay W±
→ e±ν

As MW is ≈80 GeV, the e± is easily tagged by it’s high 
transverse momentum, pT or ET. 
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W decay modes

• W → eν or µν or τν leptonic decays
• The leptonic decays provide a “clean” signature, a high 

transverse momentum lepton; favoured at hadron colliders

• W → u d-bar or c s-bar     hadronic decays

• Both used effectively at LEP II as beams were e+e- of 
precisely known energy so energy-momentum 
conservation can be used to reconstruct the W decays 
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2 W 
candidate 

events 
from the 

UA1 
paper
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And here are the first measurements 
of W-mass:

Later the Z was also 
discovered by both 

UA1 and UA2



For precision studies of Z, W particles → LEP @ CERN
Indian Connection: TIFR in L3

• 1983: TIFR-EHEP group joined the LEP-L3 collaboration.

• LEP I: 1989-96 e+e- collisions at C.M. energy 88 – 94 GeV for 
precision Z studies.

→ fabricated brass tube proportional chambers for HCAL 

end-cap (with Aachen-I group)

→ Significant role in core software development

• The group was responsible for L3 Z-lineshape fits and analysis 
over the entire LEP-100 period → precision determination of Z 
mass, widths, couplings, # of ν species…
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LEP: determination of light neutrino species
(number of matter generations?)



TIFR in L3 

• Strong contributions in 

-- b-physics (neural net)

-- QCD (event shape, αs determination)

-- higgs searches

• LEP II, 1996 → 2002; C.M. energy 130 – 209 GeV

TIFR EHEP studied channels WW →qqqq, qqeν

W mass/width (threshold, reconstructed)
(Ph.D.’s on W physics: T.Moulik, A.Rahman, N.Raja, +?)

QCD, 4-jets, b-physics, SUSY/higgs searches.
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e+e- -> W+W- at LEP II 
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Systematic 
error in LEP W-

mass 
reconstruction. 

Color 
Reconnection

&
Bose-Einstein 

effects



AGurtu ,TIFR 4May22 "Cat among the pigeons - a new 
measurement of the W-mass"

At the Tevatron & LHC
Quark-anti quark and gluon- gluon 

interactions 



electron-positron vs hadron collisions for W-mass

e+e- : 

Precisely known Ecm. So, can use energy-momentum conservation to 
constrain the event-fit & reconstruct mass of W’s. Even with one W decaying 
leptonically the decays can be reconstructed.

Hadronic collisions:

As proton = partons (quarks/gluons) and it’s a parton-parton collision

- c.m. energy UNKNOWN, need to use PDFs etc…  

- Can’t balance energy or momentum; need to work ONLY with transverse 
momentum/energy

- One fits the W mT and the pT distributions of the charged lepton & 
neutrino with generated templates of varying W-mass to determine MW
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e+e- vs hadron colliders for W-mass

• Thus, many layers of complication enter the determination of W mass 
in hadronic interactions

• BUT, hadronic colliders have had ONE great advantage: 

statistics. LEP: all 4 experiments combined had ≈ 40,000 WW evts

• Each of D0 and CDF have millions of W events, the latest CDF paper is 
based upon 4 million W → e and µ.
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Left: W → µν
Right: 

W → eν

mT (W)

pT (µ or e)

pT (ν)

CDF Collab et al., Science 376, 170-176 (2022) 8 April 2022
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Whatever the 
complications 
due to energy 

calibration, 
resolutions, 

etc., the Z mass 
turns out 

consistent with 
the world  

average (LEP)
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So, what is the current scenario? 
How to combine such discrepant 

data? 
A “combination group” of 

physicists from CDF, D0, ATLAS, 
LHCb is trying to go over the 

various inputs that go into their 
W mass determinations and 

trying to figure out the issues.



Possible Consequences 

• Suppose the new CDF value IS closer to the truth?

• It would imply new physics… already theorists are busy speculating 
which BSM models and which particles may be contributing to this 
“heavier than expected” W.

• BUT, then what consequences would THAT have for the other SM 
parameters? Could that be accommodated?

• Early stages yet, may take many months or longer to 
disentangle the issue. IMPORTANT EXPECTATION: Mw from 
CMS! And improved Mw from ATLAS and LHCb…. Let’s see…  
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Will the CAT scatter 
the pigeons? 

Or will the pigeons 
scare away the CAT?

Looking forward to 
the future!!

Thank 
you! 



Backup – Resummation program RESBOS 
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Backup 
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Backup 
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