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Goal: Learn the needed theoretical tools to perform 
precision measurements in hadron collisions.  
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Precision Data

Most precise measurement of W bosonMost precise measurement of W boson 
mass was done at Tevatron.

Most precise measurement of Top 
k d t T tquark mass was done at Tevatron. 
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Mt and MW Uncertainties Steadily Decreasing

2009-01-27

! Mt/Mt 

Mt/170.9 – 1
 
! Mtop = 1.2 GeV

! MW/MW

MW/80.398 – 1 

! MW = 0.025 GeV 
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Tevatron Collider

2008-07-11 16Junjie Zhu

Fermilab Tevatron Collider
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Proton-Antiproton Collisions

17Junjie Zhu2009-01-22

Proton - antiproton Collisions

u u

d

Proton

___________

Proton: Bag of quarks and gluons (partons)



A Real Collision

18Junjie Zhu2009-01-27



DØ Detector

Junjie Zhu2009-01-27 19

30’ ×  30’ ×   50’
5,000 tons

550 collaborators
~ 10 tons/person



Electroweak Physics at DØ 

20

Z Forward-backward
Asymmetry

Inclusive cross sections

 W boson mass

Differential  cross sections
dσ /dm, dσ /dpT, dσ /dy

W/Z boson
W charge asymmetry

W boson width

Wγ , Zγ , WW, WZ, ZZdi-boson

PRL 100, 102002 (2008)

PRL 101, 191801 (2008)

PRL 101, 211801 (2008)

To be submitted to PRL

EW physics: an excellent laboratory for precision studies! Observed 
discrepancies with the predictions would indicate new physics!

Will only talk about W/Z 
decays to electron(s)



Z0→e+e-

Positron
Electron

2009-01-27 Junjie Zhu 21



Invariant Mass for Z0→e+e-

2009-01-27 Junjie Zhu 22

mZ
2=(E1+E2)2- |p1+p2|2



Part III W-boson physics

W-boson production and decay at hadron collider

How to measure W-boson mass and width?

High order radiative corrections:

QCD (NLO, NNLO, Resummation)

EW   (QED-like, NLO)

ResBos and ResBos-A



W-boson production at hadron colliders

parton 
model

PDFs are known from 
deep inelastic scattering

partonic “Born”
cross section of 
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W-boson production at hadron colliders

PDFs: probability of 
finding a “parton”
inside the hadron

fragment
ation

parton
distribu

tion

parton
distribu

tion

Jet

Hard scattering

IS
R

FS
R

W

underlying events
(from proton remnants)

LO

ISR and FSR:
(colored) initial and 

final states 
can radiate gluons
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2
S• Virtual Corrections

• Real emission contributions



Theory Calculations

Horace
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Fixed order Perturbative calculations

• Higher order in          
Less sensitive to Factorization Scale     

• High      and smaller     (i.e. more central )
PDF (parton distribution function) better known

• With larger Luminosity
Test QCD in one large scale problem (i.e.              )

• Up to now, most of the Data used in Testing QCD were
One large scale observables, e.g., Jet-PT.

• Observables involving Multiple Scales, e.g., qT of W-Boson with mass 
MW, can only be accurately described in QCD after including effects of 
Resummation.

n
S

Tq y

~Tq Q
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The incoming parton momenta x
1
 and x

2
 are unknown, and usually the beam 

particle remnants escape down the beam pipe

                 Longitudinal motion of the centre of mass cannot be reconstructed

Focus on transverse variables (invariant under boost along z-axis)

         Transverse Energy E
T
 = E sin θ  (= p

T
 ,  if mass = 0)

and longitudinally boost-additive quantities (along z-axis) 

         Pseudorapidity  η = – log (tan θ/2)  (= rapidity y,  if mass = 0)

                             η(lab) = η∗ + η(cm) 

         Particle production typically scales per unit rapidity

Hadron Collider Variables

θ

Eη=0 (=90°)

η=1 (~40°)

η=2 (~15°)
η=3 (~6°)

η=–1

 ( p
T
 : transverse 

        momentum)
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Rapidity distributions
Little shape difference 
from NLO to NNLO

K-factor should be 
sufficient

Z idit di t ib tiZ rapidity distributions 
could/will be used as 
input for pdf fits



How to Measure the 
Mass of W Boson



!"#$%$&'()*+,

-+./'0$'/)0)*01'
/2)'0$'-23)'45('#+*63.$2&/%

7+/.$&8*'9$/)

:);0$&8*'9$/)

)+%,'0$'8/)&08<,1'
#20'=+*6'$<'

2&6&$>&'''''''''''''''''*+&&$0'.)*$&%0.2*0'8&?+.8+&0'9+%%'$<'!'#$%$&'



W+→e+ν e

Positron

e+

 

before collision

beam into wall  

after collision

Sum of the momenta in the direction transverse to the 
beam must add up to zero

Recoil from W boson
Spectator quark collisions
Additional ppbar collisions
Detector noises

Missing transverse 
energy (MET)
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Jacobin peak

Transverse momentum of the charged lepton (      )
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  In (ud) c.m. system,

Jacobin factor

pT
e
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Jacobin peak

sensitive region for measuring

:

   

LO

NLO

:   not a good observable
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  In (ud) c.m. system,

Jacobin factor

Transverse momentum of the charged lepton (      )pT
e
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  Definition:

from overall        imbalance

unaffected by longitudinal boosts of        system

!W

not sensitive to 

tail knows about         (direct measurement)

sensitive region for measuring
:

:

=)345<'2385)
!5008<14%>?@9829
A#B595)%>?@9829
C#B595)%%>?@9829

A#B595)%>45<'2385)%()<%<12(@
;56%35%:1(9'41%A%:(99%()<%68<3?
;8D?%54<14%4(<8(38E1%254412385)9
F19G59#H%()<%839%>41<82385)9

A#B595)%>45<'2385)%%%%%;56%35%:1(9'41%A%:(99
$(435)%+5<10%%%%%%%%%%%%%%%%%%%%%%%%%%%%()<%68<3?
I(23548J(385)%3?1541:%%$4191)3%:1(9'41:1)3
A#B595)%<12(@

Transverse mass of the W-boson (        )

Jacobin peak

MT
W



Transverse Mass for W→eν

2009-01-27 Junjie Zhu 25

MT
2=(ETe+ETν )2- |pTe+pTν |2



How to measure W Mass? (I)

422009-01-27

Similar situations for the electron pT and MET spectra

MW = 80 GeV

MW = 81 GeV

Junjie Zhu

From simulation



Transverse Mass for W Boson

2009-01-27 Junjie Zhu 46

χ 2/dof=90/100
485k events
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sensitive region:

:

:
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  Definition:

from overall        imbalance

unaffected by longitudinal boosts of        system

not sensitive to 

tail knows about         (direct measurement)

Transverse mass of the W-boson (        )MT
W



But the fixed order calculations 

Cannot precisely determine          at hadron colliders without  knowing the transverse 
momentum of W-boson. Most events fall in the small qT region.

Cannot describe data with small qT of W-boson.

(at NLO)

Shortcoming of fixed order calculation



To describe data            Resummation is needed

Dashed: CSS (1,1,1)

Solid:    CSS (2,2,1)

Dotted:        Pert (       ) 

Dot-dashed: Pert (       )

Perturbative

Resummation

QCD Resummation is needed



Resummation calculations agree with data very well

@ Tevatron
Predicted by ResBos:

A program that 
includes the effect of  
multiple soft gluon emission 
on the production of  
W and Z bosons  
in hadron collisions.



In collaboration with 

Csaba Balazs, Alexander Belyaev, Ed Berger,  
Qing-Hong Cao, Chuan-Ren Chen, Zhao Li, 
Steve Mrenna, Pavel Nadolsky, Jian-Wei Qiu, 
Carl Schmidt 

ResBos

Initial state QCD soft gluon resummation
and

Final state QED corrections

(Resummation for Bosons)



• Transverse momentum of

Drell-Yan

V H                                                       

including QCD Resummations.

• Kinematics of Leptons from the decays
(Spin correlation included)

W
q

qq

q ll

l

W

q

q

V

H

g g H
t

t
t

H

, Z

What’s it for? An Example

V



W Charge Asymmetry: A Monitor of Parton Distribution Functions

Difference between u(x) and d(x) in proton cause             and                  
to be boosted in opposite directions



!"#$%$&'()$*&+$,-&$./(



ResBos is also needed for 
Rapidity distributions

black curve is from 
ResBos calculation



What’s QCD Resummation?
• Perturbative expansion

2
2

ˆd ~ 1
d S S S

Tq
• The singular pieces, as        (1 or log’s)2

1

Tq

22 1

2 2 2
1 0

2

2 3 2

3 5 4 3 2

ˆd 1~ ln
d

1~ { 1
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}
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n m

S
n mT T T

S
T

S

S

Q
q q q

L
q

L L L

L L L L L

2ln
T

QL
q

Resummation is to reorganize the results in terms of the large Log’s.



Resummed results:

2 3 2 3 5 4
2 2

2 3 3 2

3

d 1~ [ 1 ]
d

[ 1 ]

[ 1 ]

S S S
T T

S S

S

L L L L L
q q

L L L

L

Determined by A(1) and B(1)

In the formalism by Collins-Soper-Sterman, in addition to 
these perturbative results, the effects from physics beyond 
the leading twist is also implemented as 

[non-perturbative functions].

Determined by 
A(2) and B(2)

Determined by 
A(3) and B(3)

QCD Resummation
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• Example: for  W
2

2
0 ' ' 2 '

'

4 1,
3 4sin

W W
j j j j j j

j j W

Q Q kM

1 1

0

, ,  
n n

n n

n
n

S S

n n

S

n

A A B B

C C

Note:   

The couplings of  gauge bosons to fermions are expressed 
in the way  to include the dominant  electroweak radiative

corrections.  The propagators of gauge bosons 
also contain energy-dependent width, as done in LEP 

precision data analysis.
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Diagramatically,
As qT 0
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Exponentiate
To preserve transverse momentum conservation, we 
have to go to the impact parameter space (b-space) to 
perform resummation.

0Tq Y



Diagramatically, Resummation is doing

Monte-Carlo programs ISAJET, PYTHIA, HERWIG contain these physics.

( Note: Arbitrary cut-off scale in these programs to affect the amount of 
Backward radiation , i.e. Initial state radiation. )

2

2lnn m
S

T

Q
qResum large                     terms

22 1

2 2 2
1 00

d 1~ ln
d d

T

n
n m n
S m

n mT T Tq

Q C
q y q q



Monte-Carlo Approach

Backward Radiation
(Initial State Radiation)

Kinematics of the radiated gluon, controlled by 
Sudakov form factor with some arbitrary cut-off. 
( In contrast to perform integration in impact 
parameter space, i.e., b space.  )

The shape of qT (w) is generated. But, the integrated rate remains the 
same as at Born level ( finite virtual correction is not included ).

Recently, there are efforts to include part of higher order effect in 
the event generator.*



Note that the integrated rate is the same as the Born 
level rate (        ) even though the qT – distribution is 
different (i.e., not            any more). 

0
S 2

Tq

Event Generators (PYTHIA, HERWIG)



To recover the “K-factor” in the NLO total rate
To include the C-Functions

Finite

2

d
d dQ y

The area under the qT – curve will reproduce the total rate at 
the order         if  Y term is calculated to        as well.1

S
1

S

d
d Tq

0 Tp Tq

2

d
d d dTq y Q

Singular
2
Tq

2

2 2 2

1 1ln ,
T T T

Q
q q q

Tq



Include NNLO in high qT region

• To improve prediction in high  qT region
• To speed up the calculation, it is 

implemented through K-factor table which 
is a function of (Q, qT, y) of the boson, not 
just a constant value.

ResBos predicts both rate and shape
of distributions.



Precision measurements require accurate theoretical predictions

ResBos-A: improved ResBos by including final state NLO QED corrections 

to W and Z production and decay

+

Resum+Born

+

+

Resum+NLO

and        denote FQED radiation corrections, which dominates the W mass shift. 



Need to consider the recombination effect

Experimental:   difficult to discriminate between electrons
and photons with a small opening angle

Theoretical:      to define infra-safe quantities which are 
independent of long-distance physics

Essential feature of a general IRS physical quantity:
The observable must be such that it is insensitive
to whether n or n+1 particles contributed 
if the n+1 particles has n-particle kinematics.

rejection

Procedure @ Tevatron (for electron)



Recombination Effects

infrared-safe

Effects of EW correction
decrease significantly 
after recombination.
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Where is it?

• ResBos:     http://hep.pa.msu.edu/resum/
• Plotter:  http://hep.pa.msu.edu/wwwlegacy

ResBos-A (including final state NLO QED corrections) 
http://hep.pa.msu.edu/resum/code/resbosa/
has not been updated. 
Why? Because it was not used for Tevatron experiments.

The plan is to include final state QED resummation inside ResBos. 



Physical processes included in ResBos

, Z
W

H
, ,ZZ WW

New physics: W’, Z’, H+, A0, H0 …

including gauge invariant set amplitude 
for Drell-Yan pairs



Physics processes inside ResBos



PYTHIA predicts a different shape (and rate)



Limitations of ResBos
• Any perturbative calculation is performed with some 

approximation, hence, with limitation. 
• To make the best use of a theory calculation, we need to 

know what it is good for and what the limitations are.

It could be used to reweight the distributions 
generated by (PYTHIA) event generator,

by comparing the boson (and it decay products) 
distributions to ResBos predictions. 

This has been done for W-mass analysis by CDF and D0)

It does not give any information about the 
hadronic activities of the event. 



Potential of ResBos yet to be explored

• E.g., in the measurement of forward-backward 
asymmetry in  Drell-Yan pairs.

ResBos can be used for Matrix Element Method by including
resummed kT-dependent parton distribution functions together 
with higher order matrix element contributions.  

For example: The coefficients in front of the complete set of 
angular functions are given by ResBos



Angular function in Drell-Yan process

PHYSICAL REVIEW D 73, 
052001 (2006)

Lam-Tung relation

PHYSICAL REVIEW D 16, 2219 (1977)

A2 = A0



 (GeV)Tp
0 10 20 30 40 50 60 70 80

0A

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

RES
NLO

)qNLO (q
NLO (qg)

Tevatron 1.98 TeV

 (GeV)Tp
0 10 20 30 40 50 60 70 80

1A

0

0.05

0.1

0.15

0.2

0.25

0.3

RES
NLO

)qNLO (q
NLO (qg)

Tevatron 1.98 TeV

y > 1

 (GeV)Tp
0 10 20 30 40 50 60 70 80

1A

-0.02

0

0.02

0.04

0.06

0.08

0.1

RES
NLO

)qNLO (q
NLO (qg)

Tevatron 1.98 TeV

0 < y < 1

 (GeV)Tp
0 10 20 30 40 50 60 70 80

2
-A 0

A
-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

RES
NLO

)qNLO (q
NLO (qg)

Tevatron 1.98 TeV

 (GeV)Tp
0 10 20 30 40 50 60 70 80

4A

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

RES
NLO

)qNLO (q
NLO (qg)

 < 116 GeVZ66 GeV < M

Tevatron 1.98 TeV

A2 = A0

Lam-Tung relation



 (GeV)Tp
0 10 20 30 40 50 60 70 80

0A

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

RES
NLO

)qNLO (q
NLO (qg)

LHC 7 TeV

 (GeV)Tp
0 10 20 30 40 50 60 70 80

1A

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

RES
NLO

)qNLO (q
NLO (qg)

LHC 7 TeV
y > 1

 (GeV)Tp
0 10 20 30 40 50 60 70 80

1A

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

RES
NLO

)qNLO (q
NLO (qg)

LHC 7 TeV
0 < y <1

 (GeV)Tp
0 10 20 30 40 50 60 70 80

2
-A 0

A

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

RES
NLO

)qNLO (q
NLO (qg)

LHC 7 TeV



Make Precision Tests possible 

•  Weak-mixing angle 

•  Z boson couplings to up- and down-type quarks.  

!  This could not be done at LEP-I or SLC. 

!  It is correlated to the initial state PDFs.  



ResBos vs D0 Run-2 AFB data
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Conclusion

• ResBos is a useful tool for studying electroweak 
gauge bosons and Higgs bosons at the Tevatron
and the LHC.

• It includes not only QCD resummation for low qT
region but also higher order effect in high qT
region, with spin correlations included via gauge 
invariant set of matrix elements. 

If you use it, we will keep providing the service 
to our community.  Please send the request to me.


