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Outline:

1. Introduction: W production at hadron colliders

2. Parity-odd and naïve-T-odd observables

3. Simulation study 

4. Summary 
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個のWボソンが生成。

eν, µνへの崩壊は、それぞれ、1割ずつ程度。

そのうちの一割くらい、ジェットが一個以上同時に生成される。

既に、107
個程のW(→eν, µν) + jet イベントが生成されている。

(ジェットが同時に生成されると、Wボソンは反跳横運動量を持つ。)

W+ 1jet :Inclusive W :

Introduction

LHCで、既に、
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• Physics of W-boson:

Cross-sections  → pQCD prediction, parton distribution functions

Distributions (leptonic decay)→mass, width, polarization

Associated Jets → QCD showering, MonteCarlo modeling

Introduction

• QCDや PDF の理解

• NPプロセスへの応用

• NP Search の BGとして

•物理量の決定
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Theory calculations on the cross-sections

NNLO available only for 

the inclusive cross-section
Anastasiou,Dixon,Melnikov,Petriello (‘03)

scale uncertainty : <1%

PDF uncertainty  : 4-6%

theory uncertainty : 
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Theory calculations on the cross-sections

NLO calc. for W + multi-jets processes

(W+3jets, 4jets, 5jets,,,)

• NLO for W+1jet, 2jets known for long time.

• Around ~2009, several groups finished W+3jets.

• BlackHat + SHERPA collaboration

further completed W+4jets (‘10) and W+5jets (‘13)

Arnold,Reno (’90), Campbell,Ellis (‘02) 

Ellis,Melnikov,Zanderighi(09), BlackHat collab.,,, 

Breakthrough in new methods  

to evaluate loop amplitudes (BCF,OPP,,,)
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Lepton Angular Distributions

P-even

• Distributions can be expressed by using 9 structure functions.

• Information of the polarization of W-boson

→ details of production mechanism

P-odd
P : φ→ -φ
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Density matrix

Density Matrix Formula 

Amplitude:

Squared: 

W±

q

g q’

l

v
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� W-boson’s decay density matrix (lepton DM)

*

Density Matrix Formula 

can be explicitly evaluated by using the LO amplitude. 

対角成分 : Wの3つの偏極状態(+,0,-)からの崩壊分布

非対角成分 : 異なる偏極状態の干渉効果→方位角依存性

+

0

-
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Density Matrix Formula 

� W-boson’s Production DM

*

7,8,9 ⇔ Imaginary part

• Structure functions :

• Convolute with parton distribution functions
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•角度積分するとF1項のみが残る→断面積はF1のみで決まる。

• 9個の構造関数は、Wボソンの偏極の情報を反映している。

•方位角依存性は、干渉効果から生ずる。

Lepton Angular Distribution

P-even : F1~6

LO : Chaichian et.al.(‘82)

NLO: Mirkes(‘92)

P-odd : F7~9

LO (one-loop) :

Hagiwara,Hikasa,Kai(‘84)

NLO: not yetP : φ→ -φ



16
Measurement of Angular Distributions 

At the LHC, only polar angular distribution has been measured, so far.

ATLAS EPJC72,2001(2012)

天頂角分布(対角要素)はTevatron, LHCで測られていて、理論計算とよく一致。
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Measurement of azimuthal angular distribution

• Some of P-even distributions have 

been measured by CDF collaboration.

→ agree with pQCD (NLO) calc.
within errors.

• However, P-odd distributions have 

not been measured at all.

PRD73,052002 (‘06)

Our work : revisit the P-odd effects and demonstrate

the method to measure the P-odd distributions for the LHC. 

方位角分布(非対角要素)は、

P-even分布のみ測定されている

(CDF実験)。
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Parity-odd and naïve-T-odd observables
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Parity-odd asymmetry

• Parity transformation : 

• Parity-odd observables :

� with spin :

� without spin :

(need a source of parity-violation, e.g. weak int.)

General arguments of parity-odd asymmetry

(we don’t consider the other type of parity-violating 
phenomena, such as charge asymmetry,,,) 
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• β-decay of polarized nucleus :

P

T.D. Lee and C.N. Yang; C.S. Wu

Parity-odd asymmetry
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T-transformation :

(unitary) 

T-transformation :

(anti-unitary) 

Parity-odd and Naïve-T ( T )-odd
~

• P-odd observables without spins are interesting, 

because these are naïve-T (T)-odd at the same time.
~

~
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• Unitarity of S-matrix

Time-reversal violation

• T-odd quantity

→ emerges from the absorptive parts of the scattering amplitude

Unitarity and T-odd quantity
~

~

absorptive part
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*

= Im

In perturbation theory, the absorptive part of scattering amplitudes 

can be calculated by the imaginary part of the amplitudes.

Therefore, measurement of naïve-T-odd quantities can test the 

perturbative predictions for the absorptive part of scattering 

amplitudes; i.e. the scattering phase or the strong phase.

=

Unitarity and T-odd quantity
~

Cutkosky rule
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• T-odd asymmetries in hard processes have been calculated 

in the e+e-→3jets, Semi-Inclusive DIS, DY and top decay processes.

• Absorptive parts of these processes are related 
with each other by crossing and analyticity

• So far, no experimental measurements for these processes

Korner,Malic,Merebashvili (’00)

T-odd asymmetry in hard processes

Korner,Kramer,Shcierholz,Fabricius,
Schmitt (’80)

Brandenburg,Dixon,Shadmi (’96)

Hagiwara,Hikasa,Kai (’83)

(W-jet)   Hagiwara,Hikasa,Kai(’84), 
Hagiwara,Hikasa HY(’06)

(Z-jet) Hagiwara,Kuruma,Yamada (’92)

(SLSA) HY(‘06)

e+e- → 3-jets

Semi-Inclusive DIS

Drell-Yan

Top-quark decay

Hagiwara,Mawatari,HY (07)

~

~
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T-odd asymmetry in hadron physics

• Large T-odd asymmetries have been 

observed in hadron spin physics

~

1. 
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2. 

• STSA needs chirality-flip amplitude, 

in addition to the complex phase

• Non-perturbative QCD effects inside nucleon

1. Transverse-momentum-dependent PDF

2. Higher-twist effects

（P-even, pure QCD effect)

~
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Strong phase in direct CP violation

• Direct CP violation in the meson decay

後田さん
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• 9個の構造関数は、Wボソンの偏極の情報を反映している。

•方位角依存性は、干渉効果から生ずる。

•角度積分するとF1項のみが残る→断面積はF1のみで決まる。

• P-odd な分布は、loop-levelで、absorptive partから生じる。

Lepton Angular Distribution

P-even : F1~6

LO : Chaichian et.al.(‘82)

NLO: Mirkes(‘92)

P-odd : F7~9

LO (one-loop) :

Hagiwara,Hikasa,Kai(‘84)

NLO: not yetP : φ→ -φ
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One-loop calculation

Hagiwara,Hikasa,Kai(’84)

• Absorptive part for the W-jet production in one-loop level :

1. Annihilation subprocess :

2. Compton subprocess :
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One-loop calculation

Origin of the imaginary part in the loop (Feynman) integrals; 

Passarino,Veltman (’79), Oldenborgh (’91)

• IR divergences are regulated by using gluon mass scheme or DR.

• Check of the results by the gauge invariance

Methods of calculation; 

1. Analytic calculation by standard Feynman parameter integrals

2. Express by loop scalar functions and use the fortran code “FF”

in the integrand
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Parity-odd asymmetries

Tevatron

with CTEQ6M

A7 ~ 5-15%,

A8 ~ a few to 5%,

A9 ~ a few %
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Parity-odd asymmetries

LHC

with CTEQ6M

A7 ~ 10-15%,

A8 ~ a few %,

A9 ~ a few %
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Simulation study for the LHC measurement

R.Frederix(CERN), K.Hagiwara(KEK), T.Yamada(NCU,Taiwan), HY, in progress

(focusing on A7)
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MC simulation with P-odd effects

• We have two tools: 

MC tools are required by experimentalists to simulate their 

measurement.    Detect effects (acceptance, resolution), 

ISR/FSR, hadronization → smearing of distribution, asymmetries

(NLO for P-even, 

LO for P-odd)1. aMC@NLO

2. LO MC (handmade)

one-loop level

LO calc. (no UV/IR div.)

tree one-loop

Total cross-section, 

P-even dist.

P-odd dist.

multi-purpose

only for W+1jet

aMC@NLO

LO MC
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$ ./bin/mg5

MG5_aMC> generate p p > mu+ vm j [QCD]

MG5_aMC> output

MG5_aMC> launch

• NLO Event generation just in four lines

aMC@NLO

• Download the code from 

https://launchpad.net/mg5amcnlo

↓
parton-level

↓
hadron-level 

(pythia,herwig)

↓
detector-level

(PGS,delphes,,)
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• Background : 

• Cross-sections after cuts 

Measurement at collider experiments

< 10% level

• Cross-section of the generated 

events (QT>15 GeV):               1.2 nb

0.94 nb

0.75 nb

0.29 nb

0.29 nb

0.13 nb
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• Two-fold ambiguity: (longitudinal) neutrino momentum cannot 

be measured, but solved by using W-boson 

on-shell condition.

→ Two-fold ambiguity in determining

• W-jet c.m. frame 

• W-rest frame

Measurement at collider experiments

• However, to measure A7, we only need to measure

→ y-component of pl in the lab. frame

→ use pseudo-rapidity difference of lepton

and jet, instead.(to avoid cancellation)
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X

Y

• Events in the transverse plane

(py)l is invariant under the 

Lorentz Boost from lab. frame to 

the W-rest frame

Missing ET resolution may be crucial for 

the accuracy of (pl)y measurement

Measurement at collider experiments
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before/after cuts

observable from lepton 

momentum and missing ET

• Asymmetric distribution appears when the scattering angle is fixed.

• Small py
l events are cut → Good for P-odd, 

because sign mis-id becomes rare. 

MC simulation : distributions (parton-level)



39

after cuts

MC simulation : distributions (parton-level)

(instead of             )distribution

• Strong positive correlation with the scattering angle. 

• Measurement of ∆η is affected by ISR jets. 

→ Smearing of the P-odd distribution and the P-odd asymmetry.
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• Comparison of the P-odd asymmetry 

at the parton-level and detector-level(PGS).

破線 : スケール不定性

MC simulation : P-odd asymmetry

parton-level detector-level

誤差棒 : 

8TeV, 20fb-1 
での統計エラー

left-right asymmetry

(A7を反映)

5% - 10% asymmetry is predicted.
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parton-level detector-level

• Asymmetry reduction 

by ISR/FSR effects and 

detector smearing

~ 10%-20%

• Possible sources: → small, since small pl
y events are cut.

→ can be large, especially for larger ∆η

MC simulation : ISR/FSR and detector effects

• Scale uncertainty is also enlarged by detector effects: 

→ (probably) change of the ISR jets distribution
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• LO MC vs. aMC@NLO :

MC simulation : LO MC vs aMC@NLO

after the detector sim.(PGS)

Total P-odd Asymmetry

• P-odd cross-section unchanged  → consistent with the order of calculation. 

• Reduction of the asymmetry in aMC@NLO, 

due to the K-factor (~ 1.5 - 2) in the denominator (total cross-section).    

→→→→ It must be important to check the P-odd part at NLO (2-loop calc).

At present, it is a kind of theory uncertainty.
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• LO in P-odd part

• analytically known
since long time (’84~)

Future prospects :

• NLO in P-odd part

• check the K-factor for P-odd

• check the perturbative convergence

of the P-odd asymmetries

• LO in P-odd part

• no analytic cal.  

• calculable by aMC@NLO

this study next step

future

• LO is known analytically 

• observability at the LHC or ILC

• reconstruction at collider is
challenging 

other process
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Summary

• Naïve-T-odd asymmetry emerges from the absorptive part of 

the scattering amplitudes. In a hard process it can be predicted, 

and comparison with experimental measurement

would be an interesting test.  

• We study the naïve-T-odd (P-odd) asymmetry in W+jet

production at the LHC at one-loop level, with detailed 

simulation study for the realistic experimental situations.

• The asymmetry is 5%-10% level, and would be observable

even after NPQCD effect and detector smearing. 

• It will be a first observation of naïve-T-odd observables

in hard process.  


