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Schedule for today

Indirect constraints on      
       from high precision 
EWK observables

Direct Higgs boson 
searches @ the Tevatron

Direct Higgs boson searches 
@ LEP

1

3

2

● What was the main production 
mechanism of Higgs bosons at LEP?

● What was the highest center of mass 
reached at LEP and to what reach on        
        does this correspond to?
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Order       diagrams (QED)

● We have only discussed contributions to      , which are of order     in QED. (e.g. LO 
              scattering) .

● Diagrams which contribute to order     would look like this:

Additional legs: Loops:

(in propagators or legs) (in vertices)

● LO term for a           
process.

● NLO contrib. for the     
           process.

● Opens phasespace.

● Modifies (effective) 
masses of particles 
(“running masses”).

● Modifies (effective) 
couplings of particles 
(“running couplings”).
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Higher orders and precision observables

● Particles, which cannot be directly observed at lower energy scales, still have 
influence on observables, due to higher order corrections in loops.

The Higgs/top in propagator loops: The top in vertex loops:

● Introduce direct dependencies of (measurable) effective vector boson masses 
and couplings on        &      .
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Higher order corrections to 

● Higher order corrections to        :

● Effects set in at                             → high precision needed on observables and 
theoretical prediction!

(1-loop precision)
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Higher order corrections to

● Higher order corrections to        :

● Effects set in at                             → high precision needed on observables and 
theoretical prediction!

Largest theoretical 
uncertainty.

(1-loop precision)
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High precision measurements @ LEP & SLAC
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High precision observables @ LEP

● High precision measurements made at                 during LEP-I run period:

●                          events
●                          events
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Typical            event @ LEP

q

q
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Z-pole electroweak precision observables

● Precision between              for      
&              for               (including 
theoretical uncertainties).

● 14(+1) observables.

● Exploit dependencies          and    
                   of higher orders via 
relations in        and           .

NB: Using similar relations 
with the same dependencies 
as shown on slide 5f for       .

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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                   as additional “observable”       

●                    as obtained from 
independent measurements at 
lower energies.

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Z-pole observables

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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(as of hep-ex/0509008)

Z-pole observables

● ISR up to           .

After correction for HO effects. 

Actual measurement. 

● FSR up to            and                .
● ISR FSR interference effects up to         .

● Since corrections are sizable these variables are 
referred to as “pseudo-observables”.

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Partial decay widths

Ratios of partial decay widths:

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Asymmetries (→ sensitive to         )

● Z boson has different coupling to 
left- and right-handed fermions.

● Leads to:

● different rates on polarized beams.

● net polarization in final states.

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Asymmetries (→ sensitive to         )

● Z boson has different coupling to 
left- and right-handed fermions.

● Leads to:

● different rates on polarized beams.

● net polarization in final states.

Forward-Backward 
Asymmetry

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Asymmetries (→ sensitive to         )

● Z boson has different coupling to 
left- and right-handed fermions.

● Leads to:

● different rates on polarized beams.

● net polarization in final states.

Left-Right 
Asymmetry

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Asymmetries (forward backward, exclusive)

BF

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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● Determined from inclusive 
hadronic forward-backward 
charge asymmetry mea-
surements at LEP.

FB

e.g. determined 
by jet charge

Asymmetries (forward backward, inclusive )

● Usually directly expressed in 
terms of             .

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Asymmetries (left-right couplings from    polarization)

●    is the only fermion at LEP 
where polarization information 
can be derived from.

(as of hep-ex/0509008)

Example:

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Asymmetries (left-right couplings from    polarization)

●    is the only fermion at LEP 
where polarization information 
can be derived from.

(as of hep-ex/0509008)

Example:

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Asymmetries (left-right couplings @ SLD/SLAC)

● Measured with polarized     beam 
with the SLD experiment at 
SLAC.

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0


Institute of Experimental Particle Physics (IEKP)23  

Asymmetries (sensitivity to      and      )

● Lepton universality.

● Light Higgs boson preferred.
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Additional measurements for maximal sensitivity

(as of March 2012)
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Sensitivity (sensitivity to      and      )

estimate estimate

Chose typical 
uncertainties.
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Parameter estimate

● Five parameter     fit:

(1) (as of hep-ex/0509008)

Fit of Z-pole 
observables 
only: (1)

Fit of Z-pole 
observables +      
       ,       ,      : (2)

(2) http://lepewwg.web.cern.ch/LEPEWWG/winter12_results 

(2005)

(2012)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
http://lepewwg.web.cern.ch/LEPEWWG/winter12_results
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Main result

Z-pole +        +       : Z-pole +        +       +      :
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Pre-discovery constraints on       & 

● Consistency checks of the SM 
turned out as great success:

● Constraints on      spot on with 
direct measurements before 
discovery!

● Constraints on        in good 
agreement with direct measu-
rements before discovery!
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Direct searches

Higgs Boson...
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Direct searches @ LEP

● Main production mode in         :

● Higgs boson couples to mass.

● Strongest coupling to heaviest objects.

?
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Direct searches @ LEP

What was the maximal reach on        at LEP?

● Higgs boson couples to mass.

● Strongest coupling to heaviest objects.

● Main production mode in         :
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Direct searches @ LEP

What was the maximal reach on        at LEP?

● Higgs boson couples to mass.

● Strongest coupling to heaviest objects.

● Main production mode in         :
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Test statistic (LEP, remember from last lecture)

What values of     (and   ) 
correspond to more 
signal/background like? 



Institute of Experimental Particle Physics (IEKP)34  

Test statistic (LEP, remember from last lecture)

si
gn

al
ba

ck
gr

ou
nd
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Test statistic (LEP, remember from last lecture)
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Test statistic (LEP, remember from last lecture)

si
gn
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Result (final word from LEP) 

● No signal observed! There is a       effect, but this is not compatible with the SM.

p-value:         -limit (                    ):
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Direct searches @ Tevatron

● Also @ Tevatron searches have been 
conducted at                         :

● Luminosity:
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Direct searches @ Tevatron

● Also @ Tevatron searches have been 
conducted at                         :

● Luminosity:

NB: Production/decay modes:
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Result (final word from Tevatron)

●          evidence for a Higgs boson around                         ,                 .

● Sensitivity of Tevatron results driven by                               .

p-value:         -limit (                    ):
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        -limit (                    ):

Result (final word from Tevatron)

●          evidence for a Higgs boson around                         .

● Sensitivity of Tevatron results driven by                               .

?

p-value:
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Concluding Remarks

● The hunt for the Higgs boson had begun in the LEP-II era already.

● We had already good hints where to expect the Higgs (according to the SM) from 
high precision Z-pole measurements. 

● Direct searches @ LEP and @ 
Tevatron remained inconclusive, 
since the Higgs boson was out of 
reach.

● 2010 the dishes were set for the 
final round...

● Next week we will discuss the 
computing exercises. The week 
after Andrew Gilbert will discuss 
with you the discovery at the LHC 
and what we know about the new 
particle up to today.
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Backup
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