
Top quark FB asymmetry in shower Monte Carlos[ Fermilab Theory Seminar � One West ℄----------------------------------------------Peter Skands, Bryan Webber, Jan Winter� CERN �
Colour 
oheren
e leads to asymmetri
 radiation.Physi
s implemented in LO shower generators.In
lusive asymmetry.Comparison between shower models.
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Story began with a plot made by DØ

AFB and top pair pT

Is amount of gluon radiation the same for forward and backward events?
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If correlation exists, backward events selected more often than forward events

Effect on measurement is included in systematics: −1.6%

Doug Orbaker (Rochester) Asymmetry Workshop May 2, 2012 17 / 25

[SLIDE FROM DOUG ORBAKER’S TALK @ TOP AFB & BOOSTED REGIME CERN WS IN MAY]
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CDF results for asymmetry versus pair pT

pt (ttbar) dependence of the asymmetry 

1) color coherence  backwards top correlated w/ pt"0 

2) NLO tt+j has negative Afb  

expectation @ MC truth: 

24 

•! examine at background subtracted level     

•! data  vs powheg/pythia shower vs pythia neat 

pt (ttbar) dependence of the asymmetry 

[SLIDES FROM DAN AMIDEI’S TALK @ TOP AFB & BOOSTED REGIME CERN WS IN MAY]
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First cross-checks
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Forward--backward asymmetry as a function of the mass of the top pair

[PLOT UPPER LEFT FROM DØ – ARXIV:1107.4995]

LO

Herwig

Sherpa
• 
oherent showerMonte Carlos(MCs)
ontain/enhan
easymmetry
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Angular ordering
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Soft gluon emission o� external QCD lines is enhan
ed and shows 
oheren
e pattern.
• soft enhan
ement 
orresponds to 
olour fa
tor ×universal, spin-independent term (eikonal fa
tor)

dσn+1 = dσn

dω

ω

dΩ

2 π

αs

2 π

P

i,j
CijWij(gluon energy ω and solid angle Ω, Cij = −Qi · Qj)

• radiation fun
tion de�nes antenna pattern of pro
ess
Wij =

ω2 pi · pj

pi · pg pj · pg

≡ W
[i]
ij + W

[j]
ij (massless emitters)

• take dΩ = d cos θigdφig plus azimuthal averaging
2πR

0

dφig

2 π
=

1

1 − cos θig

if θig < θij , = 0 otherwise
• Contributions are 
on�ned to 
one around i (j) of opening angle θij .

• Gluons at large angle 
annot resolve individual 
olour 
harges, only net 
harge of system.

[ Chudakov effect in QED ]
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Colour-dipole shower for hadronic collisionsTestbed: in
lusive jet produ
tion � Tevatron Run I & II
  3rd jetηColour coherence test :  
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T.1(2.3)

)>2.79rad   E2φ-1φ>0.7  mod(
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CDF Run 1 detector-level data (1994)

  3rd jetηColour coherence test :  
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>110(10)GeV
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)>2.79rad   E2φ-1φ>0.7  mod(
ij
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Dipole shower, default sc., restr. PSP, SL

  3rd jetηColour coherence test :  

Tevatron Run 1

>110(10)GeV
T.1(2.3)

)>2.79rad   E2φ-1φ>0.7  mod(
ij

)<0.7   R1.2ηmod(

SHERPA

Dipole shower, default sc., full PSP, SL
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Jet production :  Dijet azimuthal decorrelation

Tevatron Run 2
SHERPA

 < 130 GeVT.max100 < p

 Run 2 data (2005)OD

Jet production :  Dijet azimuthal decorrelation

Tevatron Run 2
SHERPA

 < 130 GeVT.max100 < p

Dipole shower, II sc., SL
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Dipole shower, QCD sc., SL
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Dipole shower, low default sc., SL

Jet production :  Dijet azimuthal decorrelation

Tevatron Run 2
SHERPA

 < 130 GeVT.max100 < p

Dipole shower, default sc., SL

d
ije

t
φ∆

/dσ
 d

d
ije

t
σ

1/

-310

-210

-110

1

10

  [rad]dijetφ∆

(M
C

-d
at

a)
 / 

d
at

a

-0.5

0

0.5

  [rad]dijetφ∆
1.6 1.8 2 2.2 2.4 2.6 2.8 3

[WINTER, KRAUSS, JHEP 07 (2008) 040]

• qualitative test for the in
lusion of 
olour 
oheren
e � un
orre
ted data

CDF [ABE ET AL., PHYS. REV. D50 (1994) 5562]

• stringent test of QCD radiation pattern � dijet azimuthal de
orrelation

DØ [ABAZOV ET AL., PRL 94 (2005) 221801]
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Colour coherence

Sherpa1.4.0 CSshower
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In qq̄ → tt̄, there are (IF) 
olour �ows from in
oming quark to top quark and vi
e versa.�Forward� dipoles � less spa
e spa
e for emission, less likely to radiate.�Ba
kward� dipoles � more violent a

eleration of 
olour, hen
e more QCD radiation.
• (a) Forward 
on�guration

• (b) Ba
kward 
on�guration
• Colour 
oheren
easymmetri
 real emission
• Extra emissionmore re
oil for ba
kward top pairs
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QCD Coheren
e and the Top Quark Asymmetry

[SKANDS, WEBBER, WINTER, JHEP 07 (2012) 151]

• in 
ollaboration with Peter Skands and Bryan Webber
• shower Monte Carlos versus �xed order
• generation of an in
lusive asymmetry by LO shower Monte Carlos

• 
omparison between di�erent parton shower models

• time permitting, dis
ussion of additional plots
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Jet production from parton showers – basics

t = p2
a

(Altarelli�Parisisplitting fun
tions)

In
lusive multi-�jet� predi
tions traditionally des
ribed by parton showers. (formally LO+LL accuracy)QCD emissions preferably populate 
ollinear and soft phase-spa
e regions.
[ Pythia, Herwig, Ariadne, CSshower, Vincia ] [ large kinematic logs of (µ2/t) at all orders ]QCD amplitudes fa
torize in the 
oll/soft limit.Re
ursive de�nition of multiple emissions:

dσn+1 = dσn

αs(t)

2 π

dt

t
dz Pa→bc(z) (e.g. 
oll limit)


oll/soft parton emissions iteratively added to the initial/�nal states [ LL resummation ]good des
ription of bulk of radiation and parti
le multipli
ity growthpartoni
 ensemble evolved down to hadronization s
ale [ ordering variable Q, ϑ, pT ]provides suitable input for universal hadronization models [ @ scale µ0 = O(1 GeV) ]
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Parton showers (PSs)
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QCD emissions preferably populate 
ollinear and soft phase-spa
e regionspropagator fa
tor for q → qg splitting

[pq + pg]−2 ≈ [2EqEg(1 − cos θqg)]
−2

soft and collinear singularities
ross se
tion fa
torizes in the 
ollinear limit

|Mqq̄g|
2dΦqq̄g ≈ |Mqq̄|

2dΦqq̄

αs

2π

„
dtqg

tqg

Pq→qg(zq) +
dtq̄g

tq̄g

Pq̄→q̄g(zq̄)

«

probability for no resolvable emission o� quark line between t and t0:Sudakov form fa
tor (Pq→qg(z) = CF
1+z2

1−z

... spin averaged AP kernel)

∆q(t0, t) = exp

(

−

tZ

t0

dt′

t′

z+Z

z
−

dz
αs

2π
Pq→qg(z)

)

, z+ = 1 − z− , z− =
p

t0/t′

probability for splitting at t1 < t ⇒ dP = ∆q(t1, t)
αs

2π
1
t1

Pq→qg(z)dt1dz
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Shower predictions = LO+LL predictions

Examples for shower Monte CarlosPythia � virtuality ordering, 1 → 2 (old) and pT ordering, 2 → 3 [SJÖSTRAND, SKANDS, MRENNA]Herwig(++) � angular ordering, 1 → 2 [WEBBER, MARCHESINI, SEYMOUR, RICHARDSON]Ariadne � Lund 
olour dipole model, pT ordering, full 2 → 3 [LÖNNBLAD, GUSTAFSON, ANDERSSON]Vin
ia � antenna shower, pT & other orderings, full 2 → 3 [GIELE, KOSOWER, SKANDS]Sherpa's CSshower � based on CS subtra
tion terms, pT ordering, 2 → 3 [SCHUMANN, KRAUSS]Limitationsshower seeds/
ores are LO (QCD) pro
esses onlyla
k of high-energeti
 large-angle emissionssemi-
lassi
al pi
ture; quantum interferen
es and 
orrelations only approximateshower evolution pro
eeds in the limit of large NC (number of 
olours)
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Comparison with fixed order

β =
p

1 − 4 m2/ŝ

MA ≡
∑

|M(qq̄ → QQ̄g)|2 −
∑

|M(qq̄ → Q̄Qg)|2

= g6 CF (N2 − 4)

N2

[

(

t21 + t22 + u2
1 + u2

2

s1s2
+

2m2

s1
+

2m2

s2

)

×(W13 + W24 −W14 −W23)−
8m2

s1s2

(

t1 − u2

v2
+

t2 − u1

v1

)

]

pT

σ̂B

dσ̂A

dpT

=
αS

π

(N2 − 4)

N
F (β, pT ) ,

Coherent-bran
hing showers work well in soft limit.

• One gluon emission pro
ess

q(p1) + q̄(p2) → Q(p3) + Q̄(p4) + g(k)

• Approximations used:

• MCs do �Born × Wij 's × 2 CF � using dipoleradiation fun
tion Wij = −(pi/pi · k − pj/pj · k)2

• repla
e (N2 − 4) by (N2 − 1) ⇒ 60% overestimate
• negle
t 2nd and redu
e 1st term in [..] onto Born
• In soft limit: F (β, 0) = −4 β − β3 − . . .
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Fixed order versus Sudakov suppressionfor example MC�NLO: S. Frixione and B.R. Webber, JHEP 06 (2002) 029
pp → W+W− + X � 14 TeV LHC: • pT of the WW system

⇐ 
orresponding �xed-order ptt̄
T plot (using MCFM)

rate & shape 
omparisonMC�NLO vs. Herwig PSand NLO predi
tionPS has real-emission
ontribution due toinitial/�nal-state bran
hingPS has virtual 
ontributiondue to no-bran
hing probability
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Fixed order versus Sudakov “pT smearing”
[PLOT ON RIGHT FROM DØ – ARXIV:1107.4995]

AA��
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Inclusive asymmetry in parton showers

| {z }

action of shower: no branching + branching(s)

⇒ ∆y > 0 evts � ME level, before shower

⇒ ∆y < 0 evts � ME level, before shower∆σ+− =

∫

dσLO
⌋

∆y>0

[

∆+ + (1−∆+)(P++ − P+−)
]

−

∫

dσLO
⌋

∆y<0

[

∆− + (1−∆−)(P−− − P−+)
]

,

∆σ+− = − 2

∫

dσLO
⌋

∆y>0
(1−∆+)P+− + 2

∫

dσLO
⌋

∆y<0
(1−∆−)P−+ ,

where we have used

If shower kinemati
s allow for migrations, a net in
lusive asymmetry 
an be generated.
• showers are unitary, preserve total in
lusive 
ross se
tion (LO)
• BUT asymmetry is not prote
ted by unitarity ⇒ migration from ∆y > 0 to ∆y < 0 and v.v.

• unitarity links (no-)migration probabilities: P++ = 1 − P+− and P−− = 1 − P−+

• Soft 
olour 
oheren
e: 1 > ∆+ > ∆− (Sudakov e�e
t)
• rapidity ordering preserved if P+− = P−+ ≡ 0 ⇒ no asymmetry

• 2nd term dominates plus re
oil treatment in showers usually leads to P−+ > P+−

• generates approximate positive in
lusive asymmetry ... noti
e !, ...

• ∆σ+− starts at O(αs) wrt. Born ⇒ e�e
t represents approx. LO 
ontrib. to in
l. asymmetry
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Longitudinal recoil effects – migration

Sherpa1.4.0 CSshower
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radiation imbalance wins over more severe migration

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• ∆y distribution for various LO ∆ỹ generation and shower modes

Simple dipole pi
ture where gluon emission on average stret
hes IF dipole 
an give ∆y = ∆ỹ + ǫ (ǫ > 0).migration is small, lo
al, favouring − → + dire
tion; largest e�e
t already after 1st emission
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Monte Carlo event generationEvent generators are used to model multi-hadron �nal states of high-energy parti
le 
ollisions.Fa
torization approa
h: divide jet simulation into di�erent phases � use Monte Carlo methods.Perturbative Phases: [parton jets]Hard pro
ess/intera
tion (hard jet produ
tion)exa
t matrix elements |M|2QCD bremsstrahlung (soft/
oll multiple emissions)initial- and �nal-state parton showeringMultiple/Se
ondary intera
tionsmodelling the underlying eventNon-perturbative Phases: [jet confinement – particle jets]Hadronizationphenomenologi
al models to 
onvert partons into primary hadronsHadron de
aysphase-spa
e or e�e
tive models to de
ay unstable intostable hadrons as observed in dete
tors �����
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⇐ only parts used in our analysis
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Inclusive asymmetry produced by LO generators

Model Version Inclusive mtt̄/GeV pT,tt̄/GeV

[tune] < 450 > 450 < 50 > 50

HERWIG++ 2.5.2 [def] 3.9 2.7 6.0 5.8 −14.3

PYTHIA 6 6.426 [def] −0.1 −0.8 1.2 2.5 −42.5

PYTHIA 6 6.426 [D6T] −0.2 −1.1 1.2 3.2 −43.4

PYTHIA 6 6.426 [P0] 0.8 0.7 1.1 1.8 −8.6

PYTHIA 8 8.163 [def] 2.5 2.4 2.8 2.4 4.8

SHERPA 1.4.0 [def] 5.5 3.5 9.2 8.7 −15.4

SHERPA 1.3.1 [def] 6.3 3.3 12.1 9.6 −15.8

QCD LO 6.0 4.1 9.3 7.0 −11.1

A
(cut)
FB =

σ(cut)
⌋

∆y>0
− σ(cut)

⌋

∆y<0

σ(cut)
,

• di�erent re
oilstrategiesimplemented in thedi�erent models

• re
oil e�e
ts are

∼ leading wrt.LO asymmetry(eval. by MCFM)

• This and what follows based on simple analysis
• 
omparable with �produ
tion level� results
• LO qq̄, gg → tt̄ produ
tion and showering
• 
ustom-made Rivet analysis, used forall generators

• Thanks to Anton Karneyeu,MCPLOTS: http://mcplots.cern.ch
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Differential asymmetry produced by LO generators

Asymmetry as function of the top-pair pT

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• pT,tt̄ di�erential 
ross se
tion distribution

QCD 
oheren
e built in for Herwig++ and Sherpa, Pythia 6 has options with varying amounts of 
oheren
e.Pythia 8 version used here does not have QCD 
oheren
e implemented

Jan Winter Batavia, August 2, 2012 – p.19



Differential asymmetry produced by LO generators

Asymmetry as function of azimuthal angle ∆φ

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• di�erential 
ross se
tion for ∆φ between transverse momenta of tops

high pT and low ∆φ are 
orrelated
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Differential asymmetry produced by LO generators

Asymmetry versus absolute rapidity difference |∆y|

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• di�erential 
ross se
tion for |∆y| observable
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Differential asymmetry produced by LO generators

m2
tt̄ = m2

t + m2
t̄ + 2ET,tET,t̄ cosh∆y − 2 pT,tpT,t̄ cos ∆φ

Asymmetry as a function of the pair mass

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• mtt̄ di�erential distribution

NLO NNLL
NLO

s 1.96 TeV
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s 1.96 TeV
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0.2
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0.4
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0.2
0.4
0.6

mass dependen
e driven by dependen
e on ∆y and ∆φ, Sudakov region applies over entire mass range
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Differential asymmetry produced by LO generators

m2
tt̄ = m2

t + m2
t̄ + 2ET,tET,t̄ cosh∆y − 2 pT,tpT,t̄ cos ∆φ

Asymmetry as a function of the pair mass

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• mtt̄ di�erential distribution
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[AHRENS ET AL. PHYS.REV. D84 (2011) 074004]

mass dependen
e driven by dependen
e on ∆y and ∆φ, Sudakov region applies over entire mass range
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Different Pythia 6 shower models

Asymmetry as function of the top-pair pT

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• pT,tt̄ di�erential 
ross se
tion distribution

Pythia 6 has options with varying amounts of 
oheren
e.
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Different recoil-scheme options in Sherpa

Sherpa1.4.0 CSshower

default shower

after ≤ 2 emissions
after ≤ 1 emission
original CS recoil scheme

after ≤ 1 emission
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longitudinal recoil treatment is effectively the same

[SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• Asymmetry versus pT,tt̄ • Asymmetry versus |∆y|

NLO NNLL
NLO

s 1.96 TeV
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NLO

s 1.96 TeV
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0.15
0.20
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0.30

Sherpa's CSshower provides two options for treating the re
oils. ⇒ Re
oil options a�e
t high pT .original CS s
heme treats re
oils more lo
ally, IF dipole is de
oupled from rest of event
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Different recoil-scheme options in Sherpa
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• Asymmetry versus pT,tt̄ • Asymmetry versus |∆y|
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[AHRENS ET AL. PHYS.REV. D84 (2011) 074004]

Sherpa's CSshower provides two options for treating the re
oils. ⇒ Re
oil options a�e
t high pT .original CS s
heme treats re
oils more lo
ally, IF dipole is de
oupled from rest of event
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Cut on top-pair mass versus cut on top-pair pT

Sherpa1.4.0 CSshower
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Sign 
hange � striking general predi
tion.

• mtt̄ 
ut mostly a�e
ts low pT predi
tion

• pT,tt̄ 
ut separates Sudakov(+) from hard(−) region
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Summary & ImplicationsMonte Carlo LO event generators 
an produ
e signi�
ant (di�erential and in
lusive)asymmetries where none were previously expe
ted.

• One needs to be aware of that for the interpretation of experimental data.
• Monte Carlo estimates of 
orre
tions to asymmetries 
ould be a�e
ted by this.
• Model-dependent 
orre
tions!?Asymmetries in Monte Carlos arise from valid physi
s built into generators with 
oherentparton or dipole showering.While not quantitatively 
orre
t in every detail, important features are 
aptured by 
oherentshowering approximation.

• unequal Sudakov fa
tors for forward and ba
kward top produ
tion
• migration of re
oiling tops between hemispheres (Use (N)LO for AFB to optimize re
oils?)Many dire
tions are open for further studies.
• e�e
ts in tt̄ 
harge asymmetry � LHC
• assessment of NLO+PS tools wrt. asymmetry produ
ing/enhan
ing shower e�e
ts

• similarly for multi-parton ME+PS
• 
omparison with higher-order parton-level 
al
ulations (produ
tion and de
ay)
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Additional material

[PARTLY NOT IN SKANDS, WEBBER, WINTER, ARXIV:1205.1466]

• S
ale variations.
• AFB as a fun
tion of β =

p

1 − 4 m2/ŝ. (Preliminary.)
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Scale variations
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• AFB(pT,tt̄) � s
ale variation e�e
ts smaller than re
oil e�e
ts

• possible x-test? AFB = f(αs) with various but 
onstant αs ⇒ O(αs) of re
oil e�e
ts from �t
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AFB vs. beta (I)
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preliminary

• AFB(β) � only qq̄ → tt̄ � PP̄ ma
hines � ŝ from momentum sumof all FS partons (note Tevatron → T'tron)

• (left) m = mt/2 � T'tron/2, m = mt � T'tron, m = 2mt � 2T'tron
• (right) m = mt, � 8 TeV, � 2T'tron, � T'tron, � T'tron/2(top) the respe
tive β di�. distributions
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AFB vs. beta (II)
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• (left) AFB(β) � 1/2 Tevatron, m = mt/2, m = mt, m = 2mt

• (right) AFB(β) � 8 TeV PP̄ ma
hine, m = mt/2, m = mt, m = 2mt

• To avoid re
onstru
tion/produ
tion-level dis
ussion, measure Alep(MT,tot) instead of AFB(mtt̄) ?
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